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Scope of ARS JOURNAL | 


This Journal is devoted to the advancement 
of astronautics through the dissemination of 
original papers disclosing new scientific knowl- 
edge and basic applications of sich knowledge. 
The sciences of astronautics are understood 
here to embrace selected aspects of jet and 
rocket propulsion spaceflight mechanics, high 
speed aerodynamics, flight guidance, space 
communications, atmospheric and outer space 
physics, materials and structures, human engi- 
neering, overall system analysis and possibly 
certain other scientific areas. The selection 
of papers to be printed will be governed by 
the pertinence of the topic to the field of astro- 
nautics, by the current or probable future 
significance of the research, and by the im- 
portance of distributing the information to the 
members of the Society and to the profession 
at large. 


Information for Authors 


Manuscripts must be as brief as the proper 
presentation of the ideas will allow. Exclusion 
of dispensable material and conciseness of ex- 
pression will influence the Editors’ acceptance 
of a manuscript. In terms of standard-size 
double-spaced typed pages, a typical maxi- 
mum length is 22 meee of text (including 
equations), 1 page of references, 1 page of 
abstract and 12 illustrations. Fewer illustra- 
tions permit more text, and vice versa. 
Greater length will be acceptable only in ex- 
ceptional cases. 

Short manuscripts, not more than one 
quarter of the maximum length stated for full 
articles, may qualify for publication as Tech- 
nical Notes or Technical Comments. They 
may be devoted to new developments requir- 
ing prompt disclosure or to comments on 
previously published papers. Such manu- 
scripts are published within a few months of 
the date of receipt. 

Sponsored manuscripts are published occa- 
sionally as an ARS service to the industry. A 
manuscript that does not qualify for publica- 
tion according to the above-stated require- 
ments as to subject, scope or length, but which 
nevertheless deserves widespread distribution 
among jet propulsion engineers, may be 
printed as an extra part of the Journal or as 
a special supplement, if the author or his 
sponsor will reimburse the Society for actual 
publication costs. Estimates are available on 
request. Acknowledgment of such financial 
sponsorship appears as a footnote on the first 
page of the article. Publication is prompt, 
since such papers are not in the ordinary 
backlog. 

Manuscripts must be double spaced on one 
side of paper only with wide margins to allow 
for instructions to printer. Include a 100 to 
200 word abstract. State the authors’ posi- 
tions and affiliations in a footnote on the first 
page. Equations and symbols may be hand- 
written or typewritten; clarity for the printer 
is essential. Greek letters and unusual sym 
bols should be identified in the margin. It 
handwritten, distinguish between capital and 
lower case letters, and indicate subscripts and 
superscripts. References are to be grouped at 
the end of the manuscript and are to be given 
as follows. For journal articles: Authors 
first, then title, journal, volume, year, page 
numbers; for books: Authors first, then title, 
publisher, city, edition and page or chapter 
numbers. Line drawings must be clear and 
sharp to make clear engravings. Use black 
ink on white paper or tracing cloth. Lettering 
should be large enough to be legible after re- 
duction. Photographs should be glossy prints, 
not matte or semi-matte. Each illustration 
must have a legend; legends should be listed 
in order on a separate sheet. 

Manuscripts must be ac companied by 
written assurance as to security clearance in 
the event the subject matter lies in a classified 

area or if the paper originates under govern- 
ment sponsorship. Full responsibility rests 
with the author. 

Preprints of papers presented at ARS meet- 
ings are automatically considered for publica- 
tion. 
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Recent Advances in Magnetohydro- 


Propulsion 


| 
AN’S 3 desire to explore space has led to the development. that show why there is such intense interest in developing 
of the chemical rocket. It is quite capable of over- MHD propulsion in particular (1-7). 
coming the pull of gravity and the resistance of Earth’s Space vehicles are often described in terms of the velocity 
atmosphere; however, it can now be shown that electrical of the vehicle v, e.g., escape velocity, satellite velocity. It 
propulsion is superior to chemical propulsion for missions ‘an be shown from simple rocket dynamics that the velocity 
starting from low altitude Earth orbits. Furthermore, for of the rocket is proportional to the exhaust velocity of the 
certain missions in the Earth-Moon gravitational field, fuel ».. Let M be the rate at which fuel is thrown away; 
magnetohydrodynamic (MHD) propulsion is superior to then the thrust is F = Mv,. Applying Newton’s second law 
other types of electrical propulsion, i.e., electro-thermal or F = Mv = Mbp, and integrating, the following expression for 
ion propulsion. This fact gives impetus to those scientists velocity is obtained: 


and engineers striving to develop MHD propulsion systems. 


Although there are a great variety of MHD propulsion v = vIn (M;/M,) : {1] 
devices, they all accelerate plasma (a neutral ionized gas) 
using the Lorentz force, which is the force exerted epaherd where 1/; and M, are the initial and final masses of the rocket 
rent element by a magnetic field. It is convenient to classify respectively. The rocket equation, Eq. 1, shows vividly the 
these devices under the following major categories: 1) high exhaust 
and The exhaust velocity of chemical rockets is limited by the 
al energy content of the fuel and oxidizer, but the exhaust ve- 
= MED the p locity of electrical propulsion systems is limited only by the 
electrical power available. The power required to produce 
(sometimes called pulse or pinch engines) the current that P 
produces the magnetic field is the same current that flows Electrothermal propulsors develop thrust by ejecting the 
through the plasma. In shunt MHD propulsors (sometimes electrically heated gases through a mechanical nozzle. Since 
called J X B pee ge ha crossed _ moe the the exhaust velocity is proportional to the square root of the 
an almost insurmountable problem for exhaust velocities 
in contact with the plasma (electrodeless); currents are in- above 15,000 m/sec, or a specific impulse of 1500 sec. The 
duc ed - the plasma by time a magnetic fields, which specific impulse J,, is the ratio of pounds of thrust to the rate 
in turn interact with the applied magnetic field to produce of flow of gas in pounds per sec; therefore, I,, = F/Mg = 
i > mes > ’ 4 
sag of MHD propulsors are v-/g in seconds. Hence, for high specific impulses, it is desir- 
state as Micaela able to convert the electrical power directly into kinetic energy 
by means of a body-force and thereby reduce the heat 
Missions for MHD Propulsors transfer problem. In the MHD propulsor, the Lorentz force 
Ther ee Cran is used, and in ion propulsors, the electrostatic force is used. 
ee a Se Kash (44) has shown that the specific thrust 7’,, of ion engines 
quiring electrical propulsion, and a few references are cited j 
Received Oct. 27, 1961. 1 Numbers in parentheses indicate References at end of paper. 
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an Dr. Gourdine received his B.S. in engineering physics from Cornell University in 1953 and his 
Ph. D. in engineering sciences from the California Institute of Technology. His doctoral thesis 
was a theoretical study, ‘‘“Magnetohydrodynamic Flow Over Solids.’? Me did theoretical and 
experimental work in magnetogasdynamics and electrogasdynamics for one year at the Ramo- 
Wooldridge Corp. and for two years at the Jet Propulsion Laboratory. He is presently director of ‘ 
the Electro and Magneto Fluid Dy namics Laboratory at Plasmadyne Corp. and is Iso a Senior : 
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the electric pressure at the 
cathode, with E ~ 10° volts/m at the cathode, T,, ~ 4.4 
newtons/m? or 0.16 psf. The specific thrust for MHD 
propulsors can be of the order B?/2u—the magnetic pres- 
sure on the plasma, with B 1 weber/m?, 7,, ~ 5 X 
10° newtons/m?. Therefore, the 7, of MHD propulsors is 
expected to be as much as 10° times as large as the 7’, for 
ion engines. The pulsed MHD propulsors may have their 
magnetic fields on as little as one thousandth of the total 
operating time; in this case the 7',, would still be 100 times 
that of the ion engine. Furthermore, the ion engine must 
operate with voltages high enough to draw saturation cur- 
rent; otherwise its efficiency is severely reduced. Since v, 
is proportional to the square root of the applied voltage, 
there is a minimum practical specific impulse of around 7000 
see for ion rockets. It may be concluded then that electro- 
ag propulsors will be useful for missions requiring an 
I.» less than 1500 sec, and ion propulsors for missions re- 
quiring an 7,, greater than 7000 sec. This leaves MHD 
propulsors as the only electrical propulsion devices capable 
of delivering specific impulses in the range 1500 to 7000 sec. 
Camac, Kantrowitz, and Petschek (1) show that, for mis- 
sions in the gravitational field of Earth and moon, the opti- 
mum specific impulses for electrical propulsors lie between 
1500 and 5000 sec. This is made clear by their plot given 
in Fig. 1, which shows the payload capability for a roundtrip 
to a lunar orbit from a 150-mile Earth orbit. It shows that 
chemical rockets should strive for the highest /,, possible 
in order to achieve high payload capability. However, this 
is not the case for electrical propulsors. Since the source of 
power is separate from the propellant, there is always an 
optimum J,, for a given flight time and total weight, because, 
if the J,, is too high, the power plant is too heavy, and if the 
api is too low, the propellant is too heavy. The payload ratio 
is maximized when the propellant and power supply weight 
are minimized. This occurs when the payload and power 
supply weights are equal. The following simple analysis 
demonstrates these facts and yields the formula for optimum 
specific impulse vs. flight time 7. Let Wy, be the total 
weight, Wz the payload weight, Wp the weight of the 
power supply, and W, the weight of the propellant; then 


Wr=W.i+We+t Wr 


will be of the order ef? 


400 600 1000 2000 4000 4000 10,000 20,000 40,000 60,000 100,000, 
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Payload capability for a round trip to a lunar orbit as a 
function of specific impulse and flight time 
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Therefore 
Wr 


MT = gTF/v.. 


of «ssa. 
Wr — aF,. — gTF 
2n 


Ve 


Differentiating with respect to v, to find the condition for 


maximum W’; yields the condition Wp = W, and the formula 


for optimum specific impulse 
= V 

Camac, Kantrowitz, and Petschek (1) also show that the 

use of electrical propulsion reduces the initial weight required 

in the 150-mile orbit by a factor of 2 or 3 below the weight 

required for chemical propulsion. This affects the economy 

by a factor of 2 or 3 in booster costs and makes electrical 

propulsion, in particular MHD propulsion, look very at- 

tractive for space missions in the Earth-Moon gravitational 
field. 


Series MHD Propulsors 


The propulsion devices in this category are all analogous 
to the series wound d-c motor in that the current through the 
plasma (armature) is the same current that provides the 
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But Wp = a FV,/2n, where a is the specific weight of the _ 
power supply and 7 the propulsion efficiency. Also, Wr = —— Fig. 2. Button plasma gun or source 
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‘magnetic field for acceleration. Various types of accelerators 


in this class have been proposed: to name a few, the Bostick 
button gun (8, 11), the rail gun (8, 11), the AVCO coaxial 
gun (8, 11, 13), the Kolb T-tube (8, 12), and the Republic 
The main difference between these de- 
The characteristic 


pinch accelerator (9). 
vices is geometry, as shown by Figs. 2-6. 
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Fig. 4 Magnetic annular shock tube accelerator 
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Fig. 5 Schematic drawing of Kolb’s tube 


feature of all of these accelerators is that the magnetic field 
is self-induced by the current with which it interacts to pro- 
duce thrust. 

Perhaps the simplest arrangement is the Bostick button 
gun (Fig. 2), in which the terminals of a capacitor are shorted 
by a fine wire. The capacitor dumps its charge through this 
wire, vaporizing it to form a plasma. The plasma is blown 
out by the magnetic pressure induced within the loop formed 
by the plasma, and the return leads to the ager bank. 
Bostick calls the ejected plasma loop a plasmoid. A slight 
modification is called the rail accelerator (Fig. 3). In this 
arrangement, the electrodes extend beyond the point at which 
they are shorted. The result is that the plasma formed out 
of the shorting element continues to be fed with current as it 
travels along the rails. In an attempt to better confine the 
plasma and the fields, a third modification led to the coaxial 
gun, in which a central and a coaxial cylinder are used as elec- 
trodes. Patrick (13) has used one version of this design to 
produce strong shock waves in a gas filled device (Fig. 4). 
The Kolb T-tube (Fig. 5) is another method of generating 
strong shock waves in a gas filled device. Other attempts 
to better confine the plasma and fields led Kunen (9) to a 
configuration called the pulsed pinch plasma accelerator 
(Fig. 6). 


Analytical Investigations 


The operation of some of these devices has been investi- 
gated analytically by Bostick (14. 15), Morozov (16), and 
Artsimovitch et al. (17). The differential equations de- 
scribing the operation are nonlinear and do not lend them- 
selves to analytic solutions. However, both Bostick and 
Morozov made certain reasonable assumptions that permit 
analytic solutions to the equations, and their results serve as 
a guide to the general behavior of these devices and in the 
design of experiments. Thourson (8) uses solutions of these 
equations generated by an analog computer to design an ex- 
perimental rail gun. Kantrowitz and Janes (18) in their 
analysis show the importance of recovering the electromag- 
netic energy in the field that drives the plasma. They also 
derive a formula relating the minimum instantaneous power, 
the efficiency, and the specific impulse of devices of this type. 


Experimental Investigations 


_ The velocities reported for these devices are of the order 
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107 em/see, or a specific impulse of 10° sec (8, 11, 19). How- 
ever, in some cases, it is the speed of the fastest particles in 
the discharge that is measured, and this leads to an overesti- 
mate of the specific impulse. Also, some of the ballistic 
pendulum measurements, designed to measure one-shot im- 
pulse and mass of propellant, may not reach the pendulum. 
Perhaps the best way to determine the propulsion char- 
acteristics is the method employed by Cavalaconte et al. 
(20). They mounted the entire pulsed pinch plasma engine 
on a thrust stand and measured thrust directly; the mass of 
propellant used was determined by weighing. Some of their 
performance figures on a prototype model are an average 
thrust of 0.01 lb at a repetition rate of 2 pulses/sec, with 
specific impulses above 8000 sec. The operating time logged 
on this engine was over 35 hr with continuous periods ranging 
from 15 min to more than 7 hr (20). 

The devices in which the plasma is physically or mag- 
netically contained (T-tube, coaxial, pinch) perform more 
efficiently. The button and rail guns are less efficient be- 
cause the plasma expands, and the fields are less effective in 
producing acceleration. For example, in the Borg-Warner 
work (8, 21) with exploded wires and a parallel rail accelerator, 
the measured efficiency was less than 1%. In addition to 
the transverse spread of plasma, it was also suspected that 
the degree of ionization was small because the wire melts 
without vaporizing. 

The main advantage of series-tvpe MHD propulsors is the 
simplicity of construction (bulky magnets are not required) 
and inherent reliability of the accelerator components. Some 
of the difficulties are introducing the propellant, producing 
the plasma, and converting the electromagnetic energy of the 
fields into kinetic energy of the plasma before it leaves the 
device. Other problems lie in the capacitor banks and energy 
transfer system, and these are formidable. Pulse rates of 
10 and 104 per see are desired in order to get high thrust 
and to keep the weight of energy storage capacitors low; 
however, the highest pulse rate reported in the literature is 
20 pps (10). 

Undoubtedly, intensive work will continue on the develop- 
ment of series MHD propulsors, because they have the po- 
tential for delivering specific impulses as high as ion rockets 
at much higher specific thrust levels. Future developments 
depend strongly on advances in the development of storage 
capacitors and energy transfer systems. 


Shunt MHD Propulsors 


This type of MHD propulsion is analagous to the d-c shunt 
motor; the current through the plasma (armature) and the 
current through the magnet are separately excited. These 
accelerators are usually called crossed field accelerators, or 
J X B pumps, and are designed to run continuously. The 
current flowing between electrodes interacts with the per- 
pendicular magnetic field and causes the plasma to be accel- 
erated along the electrodes. Such a crossed field accelerator 
can also be constructed with cylindrical symmetry, where 
the electrodes are concentric cylinders and the magnetic 
field is coaxial. This is called the Homopolar Device, where 
the Lorentz force is tangential and the plasma is forced to 
rotate. The rotational kinetic energy can partially be con- 


Analytical Work 


The steady crossed field accelerator lends itself more easily 
to analytical study than the other types. Hartmann and 
Lazarus (23) were the first to provide theoretical and experi- 
mental results on magnetohydrodynamic channel flow of a 
viscous incompressible fluid. Sears and Resler (24) treated 
the case of compressible inviscid channel flow assuming uni- 
form and scalar electrical conductivity. C. C. Chang (25) 
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provided a theory for the Homopolar Device, assuming an 
incompressible viscous fluid with uniform sealar conductivity. 
Janes and Fay generalized the analysis by including the 
effects of temperature and seeding on conductivity (Fig. 8) 
and the effects of the Hall current and ion slip (26). 

An appreciable Hall current flows at right angles to both 
the applied magnetic and electric field when w,7, > 1, because 
electrons actually follow curved paths between collisions. 
Here w, is the electron cyclotron angular frequency and 7, the 
mean electron collision time. The flow of Hall current may 
be prevented by using segmented electrodes; in this case, a 
Hall voltage is generated instead. Some researchers con- 
sider segmented electrodes a means of reducing the losses 
associated with Hall currents (30, 42). 
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an argon thermal arc jet 


Ion slip refers to the fact that the J X B force primarily 
accelerates the electrons; then, due to a slight charge separa- 
tion, electrostatic fields are generated which transmit the force 
to the ions. The ions must then make sufficient collisions 
with the neutrals to accelerate the predominantly neutral 
gas. In certain cases of interest, the ions can acquire an ap- 
preciable velocity relative to the neutrals, and this is known 
as ion slip (26, 27). 

Janes and Fay (26) have also derived an approximate 
formula for the length of a constant temperature constant 
area J X B accelerator 


4(yM2 — 1) 5] 


where the subscript e refers to exit conditions. They also 
show that there is a minimum power below which the total 
losses (viscous, ohmic, frozen flow, etc.) are comparable with 
the ideal power, and efficient operation is marginal. 


Experimental Work 


Although the theory leads to the correct qualitative pic- 
ture, quantitatively the results can be misleading. One 
criticism of the theory is the assumption that the conductivity, 
as determined by the thermodynamic state of the gas, can 
be used in a simple Ohm’s law. This is certainly not the case 
in the experimental results reported by Demetriades. He 
has measured the current that can be drawn across a plasma 
jet with various voltages and electrode spacings (Fig. 9).? 
From the slopes of these curves, he has calculated the mean 
conductance for various electrode gaps (Fig. 10). This plot 
clearly shows the strong dependence of conductance on cur- 
rent, which indicates that the electrical properties of the gas 
in the discharge depend not only on the thermodynamic 
state of the hot plasma jet, but also on the applied voltage 
or current, the nature of the electrodes, the effects of con- 
vection, and the magnetic field, when it is applied. For a 
spacing of 1 in. and a current of 1000 amp, Fig. 10 indicates 
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7 . Electrode drag is also plotted 


a mean conductivity of around 800 mhos/m, without seeding. 
Referring to Fig. 8, this high a conductivity in an equilibrium 
plasma could only be achieved at temperatures above 5000°K 
with seeding. Demetriades did not use seeding, but the 
temperature of the jet was estimated to be 6400°K. 

The radial distribution of momentum in the plasma jet 
was also determined by measuring the thrust on the elec- 
trodes for various gap widths. Fig. 10 shows the boundary 
of the free jet to be about 0.7-in. radius, yet the conductance 
of the gap remains high at 1.0 in. Thus, the electrodes can 
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operate in the cool boundary layer and exert much less drag 
on the flow. Since the electrodes are observed to remain 
cool, it is believed that field emission is partially responsible 
for the large currents. This is qualitatively consistent with 
the results of a theoretical problem solved by J. J. Thompson 
(43). In this problem, current is drawn from an ionized 
layer analogous to the arc jet by applying a voltage between 
electrodes that are not in contact with the layer. The elec- 
tric field in the ionized layer is found to be small, whereas 
the electric field at the cathode is very large. For large cur- 
rents, the electric field at the cathode, due to the space charge 
of the ions drawn out of the ionized layer, can become high 
enough to cause cathode field emission. Perhaps an analysis 
based on this model, with generalizations to include convec- 
tion and magnetic field, would shed more light on the nature 
of the discharge in Demetriades’ experiments. 

By taking advantage of these effects and others, Deme- 
triades and Zeimer (28) have achieved the laboratory results 
summarized in Fig. 11. The curves represent the performance 
of the J X B section alone, because it is electrically and me- 
chanically isolated from the thermal are jet and mounted 
on its own thrust stand (Fig. 12). Other noteworthy ex- 
perimental work is being done by Ragusa and Baker (29), 
who have demonstrated the importance of choosing proper 
electrode design in obtaining a stable discharge, and Carter, 
Wood, et al. (30), one of the first teams to successfully demon- 
strate J X B thrust. In order to maintain the Lorentz force 
parallel to the axis, they apply an auxiliary electric field in 
the axial direction. Also, by using a long array of segmented 
electrodes and tailoring the applied electric field, they have 
had some success in producing a constant temperature flow 
according to theoretical predictions. 

With the experimental attainment of specific thrusts in the 
I-psi range, at specific impulses around 1500 sec and 
efficiencies around 40%, there is increased interest in con- 
tinuing the development of the shunt-type MHD propulsor. 
The next step is to increase the specific impulse by decreasing 
mass flow. This may have a serious effect on the character- 
istics of the discharge and alter the propulsion performance 
considerably. Since the discharge in Demetriades’ work is 
neither an are nor a glow, the discharge itself deserves further 
study. 


Induction MHD Propulsors 


Just as the brushes of series and shunt wound motors are 
eroded, so are the electrodes of series- and shunt-type MHD 
propulsors. These effects represent a loss in efficiency, so 
attempts to avoid these losses have led to the investigation 
of electrodeless plasma accelerators. They are analogous 
to induction motors, because the applied time-varying mag- 
netic fields induce currents in the plasma (armature) that in 
turn interact with the magnetic field to produce acceleration. 

Perhaps the simplest form of an MHD induction propulsor 
is the one shown in Fig. 13. Here the capacitor is discharged 
through a single loop, and the transient magnetic field asso- 
ciated with this current loop induces an azimuthal electric 
field strong enough to ionize the gas. The azimuthal cur- 
rent induced in the gas interacts with the magnetic field to 
produce a Lorentz force radially inward and axially away 
from the disturbance. Thus, the plasma is compressed and 
propelled away from the coil. Waniek (36) uses a one-turn 
sheet conductor, which is conically shaped in order to drive 
the plasma in one direction. Other investigators use several 
single-turn coils timed so the discharges give the plasma sev- 
eral kicks as it travels down the tube. It is also possible to 
generate a traveling wave or magnetic piston that steadily 
drives the plasma down the tube (Fig. 14). In this case, the 
shock wave preceding the magnetic piston ionizes the gas. 
There are other schemes for propelling plasma bunches in 
which the plasma is contained by the magnetic field and does 
not contact the wall, e.g., Fig. 15 (38), 
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Fig. 12 Schematic diagram of experimental apparatus 
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Fig. 13 Schematic diagram of system for plasma propulsion by 
a magnetic field 


Klein and Breuckner (39) have made a theoretical study 
of a plasma driven by a rapidly varying magnetic field from 


a single-turn coil like the one in Fig. 13. They consider the 
diamagnetic case (ionization process ignored) and the more 
complicated nondiamagnetic case, in which the processes of 
ionization must be considered. They show that velocities of 
10’ cm/sec may be obtained, but at low efficiencies around 
5 to 10% for practical applications. Furthermore, the effi- 
ciency is affected only slightly by changes in the degree of 
ionization and physical parameters. The important proc- 
esses occurring in the initial stages of ionization in the elec- 
trodeless discharge are described by Treat (37). Pennfold 
(41) provides a theoretical analysis of the problem of in- 
ductively accelerating plasma toroids along their axes. Other 
theoretical studies hee been performed by Clauser (32), 
Schaffer (33), and Me, -r (34, 35). 


Experimental Work 


Waniek (36) has measured speeds around 10’ cm/sec of 
plasma blobs shot out of a conically shaped one-turn coil. 
He reports efficiencies on the order of 1%. A weak coupling 
of a continuous traveling magnetic field with a plasma has 
been demonstrated in the preliminary experiments of Covert 
and Haldeman (31). Pennfold (40) is experimenting with a 
pulsed approximation to a continuous traveling wave ac- 
celerator that propels pinched plasma rings along their axes. 
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There are 19 single-turn coils, 6-in. diam, spaced 1 in. apart 
on a glass tube, each of them energized at the proper time by 
discharging individual capacitors through individual spark 
gaps. His experiments are too preliminary to give propul- 
sion possibilities, but they clearly demonstrate the possibility 
of forming, containing, and accelerating plasmas in a traveling 
electromagnetic field without electrodes or plasma contact 
with physical walls. Rayle (38) and 8. Janes* of AVCO also 
report success in their preliminary experiments on induction- 
type MHD propulsors. 


er 
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For missions in the gravitational field of Earth and moon, 
specific impulses in the range 1500 to 5000 sec are desired for 
maximum payload. The only electrical propulsion system 
capable of operating efficiently in this range appears to be 
an MHD propulsor. Furthermore, of the three types of 
MHD propulsors—series, shunt, and induction—the shunt- 
type seems most suitable. Both series and induction MHD 
propulsors are transient devices, and their performance to 
date indicates they will probably operate at specific impulses 
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greater than 10,000 sec. On the other hand, the shunt, or 
crossed field MHD propulsor, provides much higher specific 
thrusts (1 psi) and has been operated experimentally at 
a specific impulse of approximately 1500 sec. Therefore, 
it seems that the shunt-type MHD propulsor is the ideal 
choice for missions in the Earth-Moon system. 

For missions beyond the moon, the series- and induction- 
type MHD propulsors can become serious competition for 
the ion rocket because they also operate with specific im- 
pulses beyond 10,000 sec. However, they have one im- 
portant advantage: they can potentially develop specific 
thrusts 100 to 1000 times as high as present day ion rockets. 
At present, the series-type MHD propulsor is more developed 
than induction-type MHD propulsors; it is almost ready 
for flight testing. The induction-type MHD propulsor is 
still undergoing intensive laboratory study, and it is too 
sarly to prognosticate on its future in electrical propulsion. 

There are missions for which electrical propulsion will be 
needed outside of the ones mentioned here. There may be 
a need for small precision thrustors for vehicle control and 
alignment, for orbit sustainment or transfer, ete. The pro- 
pulsion requirements will be different in each case; therefore, 
it is desirable to continue research and development on all 
three types of MHD propulsors. They may all prove useful. 

One final question should be of concern to us all. Dur- 
ing the preparation of this survey article, the paucity of 
Russian papers on this subject became quite apparent. 
Could this mean that in the near future a Russian satellite 
will be the first to successfully use electrical propulsion? 
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HE CURRENT demands that rocket propelled vehicles 
fly more precise trajectories has stimulated a search for 
better and more effective means of attitude control than pro- 
vided by simple external aerodynamic surfaces. This is be- 
cause such surfaces are effective only during the relatively 
short periods of time when the rocket is moving at high speed 
through the atmosphere. At liftoff and during much of the 
flight, the ineffectiveness of aerodynamic surfaces requires 
that control be provided by some other, more positive means. 

To accomplish this, control devices that affect the direction 
of the exhaust jet, such as jet vanes, jetavators, and swiveling 
or pivoting nozzles, have been tried and proved fairly suc- 
cessful. Unfortunately, all such devices are subject to failures 
due to erosion, ablation, melting, thermal deformation, and 
deposits from propellants which cause interference and bind- 
ing. To provide control reliability, overprotective designs 
are often used, resulting in heavy weight penalties. 

Another method of control depends on the use of small 
vernier rockets to make flight path corrections. These are 
quite effective and have been used extensively. However, 
early in 1952, United Aircraft Corp. (1) showed that the in- 
jection of a secondary gas stream into the exhaust cone of a 
supersonic nozzle resulted in the production of a side thrust. 
This thrust was larger than the thrust that would be developed 
by a comparable, simple vernier rocket using the same amount 
of mass flow. Hence the ratio of these thrusts was called 
the magnification factor, and its value, which was approxi- 
mately two, became a convenient measure of the effectiveness 
of thrust vectoring by gas injection. Later tests by NOTS 
and Aerojet-General have shown that similar effects could 
also be obtained by the injection of liquids. 

It should be noted here that, whereas there is a ready 
supply of gaseous injectant available in the primary com- 
bustion chamber (which could be tapped for the thrust vec- 
toring), such a scheme presents considerable practical diffi- 
culties in connection with the containment and valving of the 
hot gas. For these reasons the injection of liquids appears 
considerably more attractive from the standpoint of design 
and reliability. Furthermore, liquids are easier to contain 
and distribute, and their higher densities permit smaller com- 
ponent parts that should result in a lighter control system. 
On the other hand, the forces and the specific impulse which 
thus far have been obtained by the injection of liquids are 
appreciably smaller than those attained with gas injection. 

This analytical study was made to evaluate the ultimate 
potential and effectiveness of thrust vectoring by fluid injec- 


Gas Injection Analysis 


Model Description bots 


ras injected from the side into a supersonic stream flowing 
in a three-dimensional nozzle will deflect the main stream. 
Thrust control by this means requires a knowledge of the 
interaction of the primary and secondary streams. The 
model postulated to describe the observed effects is shown 
in Fig. 1. 

The primary gas stream is assumed to be flowing super- 
sonically at station 0. It encounters the secondary stream 
injected through a port in the wall at station 1. As a result, 
the turbulent boundary layer of the primary stream is forced 
to separate from the nozzle wall causing shock AD to form. 
The shock is assumed to be conical, and the position of the 
vertex A depends on the main stream conditions, the injected 
flow rate, and the physical properties of the secondary stream. 

The shock angle, separation angle, and conditions behind 
the shock and in the separated flow region can be determined 
from the upstream Mach number by the method described 
in (2) and extended in the Appendix. The side force results 
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from the higher pressure behind the shock acting on the pro-— 
jected area of the shock and the separated region. Since the 
separation angle is known, the vertex A of the conical shock 
can be determined once the accommodation height FB is 
known. ‘To determine the accommodation height it is as- 
sumed that after injection the gas makes a sharp turn and 
flows parallel to the wall without mixing with the main 
stream. Assuming for simplicity that within the region con- 
sidered for the separation the nozzle is cylindrical, i.e., a = 0, 
it is possible to write the following eight equations with eight 
unknowns: 
Conservation of Mass in Primary Flow 
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—1 V2 
[1] 


m3 = M32 A; + 


Conservation of Energy in Primary Flow 
T,=T [2] 


Streamwise Momentum Balance Between Stations 0 and 3 


PoAo(1 + YoMo?) 
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ARS JourNAL 


ti 


| 
| E 
SECTION AT STATION j 
os Fig. 1 Sketch of the model for gas injection 
[ 
| 
— X= 
\ 
| Yj | | \ 
we 
/ 
/ WT. 
4 INTERSECTION 
1 | 
- 
Fig. 2 Pro cal shock wave in a cylinder 
ta 
ar 
he 
pr 
{t 
D 


ro) 
P 
4 tes 120 
= % ur 
= 

5+ 4 iL 60+ 
= 
Ww 
! 1.0 1.5 2.0 3.0 40 
NOZZLE CENTERLINE MACH NUMBER, Moy 
SIDE FORCE MEASURED, Fz, Ibs Fig. 4 Specific impulse vs. main stream Mach number holding 


Calculated vs. measured side forces for gas injection 


> 4. 


Conservation of Mass in Secondary Flow 


Conservation of Energy in Secondary Flow : 
Momentum Balance of Secondary Flow in a? 
Streamwise Direction 


Boundary Condition 


Geometrical Relationships 
Ao = + Ag 


As will be shown in the next section, the average pressure 
P, acting on the area A, behind the separated flow region 
can be determined once the main stream flow conditions are 
known. Thus, there are eight equations with the eight un- 
knowns P3, A3, As, Mz, Ma, and The accommoda- 
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tion height EB on Fig. 1 can be determined once the area 
Ag is solved. 


Derivation of Accommodation Height 


After making the turn the secondary flow is assumed to 
take a hemi-cylindrical shape. Thus, once the cross-sectional 
area for the secondary flow is determined, the accommodation 
height h is known. 

As part of the solution for the area, the average static 
pressure acting on area A, at station 7 must be estimated. 
{t is known that the injected gas expands rapidly, so it is as- 
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Fig. 5 Sketch of optimum location for gas injection for 15° exit 
cone and y = 1.2 


e- 
ave 


+ 


sumed that the pressure varies parabolically from the in- 
jected pressure to the separation pressure.6 The average 
pressure acting on Aqis then 


P, = Pj — (2/3)(Pj — P.) = (1/3)(P; + 2P.) 


To solve for the area A4, Eqs. 1, 2, 7, and 8 are employed 
to obtain the following equation: 


Ag 1 P, Ag 
+ 2 (1 YoMo Po 


> 


and Ex s. 4-6 are used to obtain 


¥;—1 


[orto [11] 


Eqs. 10 and 11 may be solved graphically or numerically for 
the two unknowns Ps/Pp) and A4/Ao. However, results of 


6 The form of the assumed pressure distribution is not critical; 
thus a linear variation could also be used. However, the para- 
bolic variation seems more reasonable. _ 
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Fig. 6 Specific impulse and magnification factor vs. secondary 
stream Mach number for constant mass flow ratio tity / tio 


graphical solutions show that the ratio P4/Po is very nearly 
one, as would be expected. Thus, a good approximation for 
the ratio As/Ao can be made by setting the ratio Ps/Po = 1 


in Eq. 11. With this approximation, the accommodation — 


height 4 can be solved directly 


272M; (1 + ‘) 


Ao\?(Po\?/P: 


Derivation of Projected Area 


The area on which the pressure difference acts to cause the 
side force is bounded by the intersection of a shock cone with 
the conical wall of the nozzle. For simplicity and con- 
sistency with our ideal model, the projected area bounded by 
a shock cone and a cylinder has been used in this analysis. 
This simplification is valid as long as the nozzle cone angle is 
small. 

The centerline through the injection port was selected as 
the reference for calculating the projected area, as is shown 
in Fig. 2. The distance X is the distance from the vortex of 
the shock to the center of the injection port and depends 
not only on the separation angle and the accommodation 
height, but also on the angle of injection € 


= h{cot 6 + tan (a + 6] [13] 


The dimension z is the common chord between the cone and 
cylinder needed to calculate the projected area. The radius 
of the shock cone is y and the radius of the cylinder R = D/2. 

From the geometry and some trigonometric manipulation, 
the expression for z may be written in the following form: 


= (14) 


Thus the projected area can be calculated by integration as 


X tan 6 z 
0 tan 0 dy 


2D? X* tan 
3 tan D? | f [15] 
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Fig. 7 Specific impulse and magnification factor vs. secondary 
stream Mach number for constant injection area 4; 


Since (y/D)? = (X? tan? 6/D?) « 1, further simplification is 


possible by expanding Eq. 15 into a series and omitting the 
higher order terms 


AA = X* tan 6[1 — (1/4)(X? tan? 0/D2) +... J 
=~ X* tan 6 = h®?[cot 6 + tan (a + ©]? tan 6 [16] 


Once this projected area is determined, the side force can be 
computed. 


Equation for Side Force 


It is assumed for this model that downstream of the injec- 
tion port there is no contribution to the side force, as any 
forces present in this region balance one another. Obvi- 
ously this is an oversimplification. The interaction of the 
conical shock with the nozzle wall will certainly result in a 


reflection of the shock. The flow patterns and pressure dis- 
tributions in this region are very complex and difficult to 
predict. It is known, however, from limited experimental 
data (3) that the secondary gas tends to overexpand. This 
overexpansion tends to cancel any pressure increases due to 
shock reflection from the walls, and thus the above assumption 
is made. 


An exception to this cancellation occurs once the inter- 


section of the conical shock wave and the nozzle wall passes 
above the centerline of the nozzle. Beyond this point the 
shock reflection from the nozzle walls may be expected to re- 
duce the net side force. The present analysis does not in- 
clude suck ituations. 


Within these limitations, then, it is assumed for this model 


that the side force produced by the injection of gas is the sum 
of three components. The first results from the pressure 
increase in the separated region. 
lar increase occurring between the shock and the separated 
region. The pressure in this region is assumed to vary para- 
bolically between the pressure in the separated region P, 
and the pressure just behind the shock Po. 
Appendix, the average pressure can be calculated by 


The second is due to a simi- 


As shown in the 


P, = P, — (1/3)(P, — P») [17] 


Finally, the third component is due to the momentum of the 
injected gas. 
The equation for the side force perpendicular to the axis 


of the nozzle can now be written as 


F, = [(P, — Po)(Xh — Aj;/2) cos a] + 
[(P2 — Po)(AA — Xh)cos + [(P; — Po)A; cos € + 


where V; is perpendicular to the axis of the nozzle. Or re- 
writing 


= [(P2/Po — 1)(AA — Xh) + (P./Po — 1)(Xh — Aj/2)]Po cos @ + PoA; cos €(P;/Py — 1) + my; [18] 
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Fig. 8 Specific impulse vs. main stream Mach number for 
limiting condition P; = Ps; 


Thus the side force can be calculated using Eqs. 12, 13, 16, 


Comparison With Tests 


The analytical model has been compared with the results 
of tests conducted by the U.S. Naval Ordnance Test Station 
at China Lake. The NOTS data (4) used here are corrected 
and were obtained by correspondence with the author. 

Using the conditions of the tests, side forces have been 
‘aleulated using the equations developed by the analysis. 
The available data are in part incomplete, for not all of the 
variables have been measured. Also, the tests are for a 
limited range of some of the varizbles, and so the role of these 
variables in the equations could not be thoroughly verified. 

Calculated side forces have been plotted against the meas- 
ured side forces in Fig. 3, and, as can be seen, the agreement 
between the experiment and theory is good. The experi- 
mental magnification factor for these tests is about 1.6. 


Effect of Parameters 


In order to determine the optimum conditions for thrust 
vectoring by gas injection, a controlled variation of the various 
parameters entering into the analysis has been made. The 
first parameter studied was the main stream Mach number 
Mo, corresponding to different injection stations downstream 
of the throat. Holding all other parameters constant, the 
specific impulse F/m; for the injected gas is plotted vs. 
Mp in Fig. 4. Note that the specific impulse decreases as 
Mp increases. This is because the static pressure decreases 
faster with increasing Mach number than the projected area 
AA increases. Thus it would seem that the gas should be 
injected at as low a Mo as possible. 

However, as mentioned in the model description previ- 
ously, once the conical shock wave starts reflecting above the 
centerline of the nozzle wall, an unbalanced negative side 
force will result. Therefore, it may be expected that under 
these conditions there exists an optimum location for gas 
injection such that the conical shock wave just reaches the 
centerline of the nozzle wall. A sketch of such a situation 
showing the optimum location of the injection port for a nozzle 
that expands to My = 4.5 is given in Fig. 5. Observe that 
for this nozzle the injection should be made at about Mo = 
3.0. 

On the other hand, if all the parameters except the injected 
Stream Mach number M,; are held constant, the specific im- 
pulse is found to increase as M; increases. There are two 
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Either the mass flow ratio m/ 79 or 
the port area A; can be varied while holding the other con- 


ways M; can be varied. 


stant. Both ways give the same trends shown in Figs. 6 and 
7. Both ways then suggest injecting the gas supersonically 
at the highest possible M; to get the best performance. 

There is an interrelation between M, and Moy that must be 
considered. The M; can only be increased to the point 
where the static pressure of the injected stream equals the 
separation pressure. Using the maximum values of M; thus 
obtained, the specific impulse was found to increase for in- 
creasing Mo. This is shown in Fig. 8. Consequently it 
appears that, if the injection Mach number is properly ad- 
justed, the best location for injection occurs as far down- 
stream as possible. 

The third parameter investigated was the variation of 
molecular weight of the injected gas. In Fig. 9, it can be 
seen that neither the molecular weight nor the specific heat 
ratio appreciably alter the magnification factor. On the 
other hand, the lighter the molecular weight, the higher will 
be the specific impulse. This suggests that the injection gas 
should have a low molecular weight. 

The final parameter investigated was the angle with which 
the gas is injected into the main stream. The analytical 
model supposes two opposing effects to exist. The first 
causes the side force to decrease as the angle increases, due 
to the reduced momentum perpendicular to the nozzle axis. 
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The second causes the side force to increase, due to an in- 
creased projected area over which the separation pressure 
acts. The model assumes that the accommodation height 
h remains unchanged by the injection angle, whereas the ver- 
tex of the shock moves forward by an amount determined by 
htan (a + €). The effect on the specific impulse of varying 
the injection angle is shown in Fig. 10. As can be seen, the 
greater the injection angle, the higher will be the side force. 
It must be cautioned that the steeper the injection angle, the 
greater the viscous effects are apt to be, causing the flow to be 
considerably different from the assumed model. The trends 
indicated in Fig. 10 still show that the injection in the up- 
stream direction is desirable. It should be noted that the 
purpose of Figs. 3-10 is to indicate the trend of the effects of 
the various parameters. By no means should these figures 
be taken as representative of the best performance achievable. 


Discussion of Port Geometry 


The assumed model uses a circular port for the injection 


of the gas. It might be asked whether or not this is the best 
geometry to obtain optimum performance. As a crude 
, 
ty 
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attempt to answer this, it was assumed that a slot sufficiently 
long to minimize edge effects is used. The problem can then 
be treated as two-dimensional, and it was found that such a 
change results in an improvement of the side force. 

Due to structural problems, it might be easier to arrange a 
series of holes perpendicular to the nozzle axis to simulate a 
slot. The analysis of the interaction produced by injection 
from several holes is extremely complex and was not under- 
taken. 


Model Description 


Injecting a liquid rather than a gas into the main stream 
of a supersonic nozzle also creates a side force. However, 
the physical mechanism causing the side force is different, 
and so.a different model has been proposed. Fig. 11 is a 
sketch of the model indicating the symbols used. 

The model assumes that, upon injection, the liquid im- 
mediately makes a turn and flows along the nozzle wall. 
Mass enters the main stream as the liquid evaporates. Thus, 
a uniform distribution of sources can be imagined to exist 
along the length of the liquid-gas surface. The mass addition 
from these sources is 


Mo = Ay [19] 


where v, is assumed to be a constant velocity, p, the density, 
and A, the area of the gas-liquid interface. It is assumed 
that the mass addition rate is low enough for supersonic linear 
small perturbation theory to be oo 


Derivation of Side Force 4 


The linearized theory indicates that the assumed uni- 
formly distributed sources are equivalent to a wedge of half 


angle 6 = V,,/Uo. The pressure coefficient for the wedge is 

given by 

VM? — 1 


[20] 
The velocity V,, can be found by expanding pV in a Taylor 
series about y = 0 


OpV 


(pV) = (pV) yao + FA] 


Since the value pU does not depend on 2, the continuity, equa- 
tion says 


OpV OpU 
Thus 
(PV) = (ob [23] 
and 
@s os 
Substituting back for the pressure coefficient 
Fe 2 Ve 
Cs => = = 
(1/2) V Mo? —1 \po/ Uo 
2 
Bal 


— 


Thus the force perpendicular to the nozzle wall due to gas 
vaporizing is 


F = (P — P\)A, = mUo/V Me? — 1 
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Fig. 13 _ Side thrust factor for liquid injection vs. nozzle center- 


line Mach number | 


and the component of this force pe rpendicular to the nozzle 
centerline is 


m Uo 


where a is the nozzle half angle. 

In addition to the force produced by the vaporization of 
the liquid, there is the force due to the momentum of the 
liquid jet 

+ — Po)A;] cos € [27] 
where € is the injection angle measured from the perpendicular 
to the nozzle centerline. The expression for the side force is 
the sum of these forces 


m mUo _ 
i 


Thus, for the range of conditions that meet the limits of the 
linearized theory, the side force can be determined directly. 

It is convenient to express side force in terms of mass flow 
ratios and the fraction of the fluid vaporized & 


cos a + F; [28] 


2 
qoAo cos a + F; [29] 
V/ My? mo 
where go = (1/2) poUo?. A typical plot of the above computed 
side force as a function of the amount of liquid injected and 
for various values of evaporation ratio is shown in Fig. 12. 
A side force factor can be defined that is a function of y and 
M, only 


F, = F; Mo qo Ag 
(45%) (=) (# Ao* [30] 


Curves of the side force factor vs. Mo for y = 1.2 and y = 
1.4 have been plotted in Fig. 13. Notice that the side force 
factor deéreases as the main stream Mach number increases. 

The side force factor defined in Eq. 30 can also be written 
for & = 1, that is, for complete vaporization, as 


(I sec @ [31] 


For the injection of liquids, F; « F’., so Isp; « I.» resulting in 
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Fig. 14 Comparison of theory with test data of (5) 


F, being proportional to i for constant free stre am condi- 
tions. 


Comparison With Experimental Tests 


The side force computed by use of Eq. 29 was compared 
with some of the applicable experimental data of (5) in Figs. 
14 and 15. These experiments, which were carried out in 
two different nozzles and for Freon 12 as well as for water, 
offer only a very limited confirmation of the present results. 
This is because the amount of the liquid that is evaporated 
in each case cannot be ascertained with any degree of confi- 
dence. Still, as the comparison shows, the general trends 
of the experimental data are nearly linear, thus lending strong 
support to the validity of the present approach. Further- 
more, Freon 12, which has the lower heat of evaporation (and 
is thus more likely to have & values near unity), shows a per- 
formance which is much better than that for water. 


Effect of Parameters 


The analytical model for liquid injection has been studied 
in order to determine the optimum conditions within the limits 

the linearized theory. If the total pressure, the mass 
flow ratio, and the force contributed by the momentum of 
the jet are held constant, the side force decreases as the main 
stream Mach number increases. This would suggest that 
liquid should be injected as near the throat as practical. 
From Fig. 13 it can further be seen that the specific heat ratio 
y does not materially affect the side thrust. Although not 
directly indicated by the model, it is implied by the assump- 
tion of complete vaporization that the heat of vaporization 
should be low. 


Effect of Heat Addition 


The linearized theory can be extended to include the added 
effect of low rates of heat addition. Willmarth (6) has shown 
the existence of an analogy between heat sources and fluid 
sources, and he has used this to determine the aerodynamic 
forces produced by distributed heat sources on the external 
surfaces of aircraft. 

The analogy states that the effect of a heat source is equiva- 


lent to that of a fluid source when 


(y — _ 32 
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} 
= 
re, 
> 
| 
Hl | 
'% 
4 
4 
Pi 
» 
1683 


where Q is the rate of heat addition, and a is the speed of 
sound. 
Thus the additional upwash due to a uniform distribution of 


heat sources is given by 7 
= — 1) 33 
( ) heat pote? 


so that the pressure coefficient is 


(Cp) heat = — 1 


= 


and the added side force due to heat addition is th . 


(F)neat = [(P — Po)A COS @ = 
Ur VWMe—1 Qcosa [35] 


1 Two analytical models have been developed for the 
analysis of the side force generated by injection of secondary 
material into the main stream of a rocket nozzle. The first 
model is applicable to the case of gas injection and the 
second to low rates of liquid injection. 

2 For the gas injection case, the magnification factor and 
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Fig. 16 Pressure ratio of turbulent boundary layer separated by 
conicalshocky = 1.2 


side force predicted by the model agree fairly well with avail- 
able experimental data, although more data are needed to 
verify in detail the individual parameters contained in the 
model. The analysis showed that for maximum specific im- 
pulse, the injection port should be located as far downstream 
as possible, with the Mach number of the injected gas as 
high as possible. In addition, the gas should be injected in 
an upstream direction. The magnification factor is prac- 
tically independent of the injected gas specific heat ratio or 
molecular weight, but the specific impulse does go up as the 
molecular weight is decreased. 

3 For the liquid injection case, the postulated model should 
be valid only for low mass flow rates, as linearized theory was 
used. For maximum specific impulse with liquid injection, 
the fluid should be injected as far upstream as possible, and 
the heat of vaporization of the liquid should be low enough to 
insure complete and even evaporation. Additional side force 
can be obtained if an exothermic reaction occurs between the 
injected liquid and the primary gas. 


Appendix 
Conical Shock Separation Analysis 


The model used for the analysis to predict thrust by gas 
injection depends on a knowledge of the required pressure 
ratio across the shock to cause the boundary layer to separate. 
For two-dimensional flow, it has been shown that this pressure 
ratio is mostly a function of the upstream Mach number (2) 
for a given value of the specific heat ratio. The analysis has 
been extended for three-dimensional conical shocks with 
= 1.2and y = 1.4. 

The basic assumption for the extension is that the pressure 
ratio at the outer boundary of a conical separated region 
required for separation is the same as that for the two-dimen- 
sional case. With this assumption, it is possible to determine 
the angles for the conical shock from charts and tables given 
in (7). To determine conical shock angles for other y, it is 
necessary to make correction of the above solution by methods 
presented in (8). 

The results are shown in Figs. 16 and 17 for y = 1.2 and 
y = 1A respectively. The pressure ratio for separation P, 
?) increases as the main stream Mach number increases. In 
addition, an estimate of the average pressure ratio P./Po 
is shown. The average pressure P, that acts between the 
shock and the separated region is calculated by assuming that 
the pressure varies parabolically in this region. 


P, = P, — (1/3)(P, — 


The shock angle 6 and the angle of separ: 
on the figures. 


Fig. 17 Pressure ratio of turbulent boundary layer separated by 
conical shock, y = 1.4 
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Ao* = throat area of main nozzle 7 7 
a = speed of sound = 
D = diameter of nozzle at injection station 
Isp = specific impulse of injected fluid 
M = Mach number 
m = molecular weight in 
P = pressure 
Subscripts 


= primary flow before separation 


1 = primary flow at injection port station 

2 = region behind shock wave 

3. = primary flow downstream of injection port 

4 = secondary flow downstream of injection port 
q = gas from evaporated liquid 


* 


> 


theoretically. 


impulse in the vicinity of 1000 sec. 
efficient. 


ECENT analyses of some of the more immediate space 

missions have indicated that a large increase in payload 
may be achieved by using an electrical propulsion system in- 
stead of the conventional chemical system. For missions in 
the gravitational field of Earth and Moon, the optimum 
specific impulse J... for an electric propulsion device ranges 
from approximately 1000 to 5000 sec, depending on the 
specific power plant weight a and on the desired trip time 7 in 
days (1).? 


Tope = 1990V7/a 
It has been demonstrated that adequate payloads may be 
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j= secondary flow at injection port 
L = liquid 
8 = separated region 
= stagnation or total condition 
w = surface of wedge in linearized theory 
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The performance of eight possible propellants for electrothermal jet engines has been evaluated 
Performance characteristics are presented for enthalpies up to 200,000 Btu/Ib, tem- 
peratures as high as 45,000° R, pressures ranging from 0.01 to 100 atm, and specific impulses from 
500 to 2000 sec. Of the propellants studied, hydrogen and helium appear to be the best for specific 
At specific impulses greater than 1600 sec, lithium becomes more 


handled for a mission, such as the 24-hr communications 
satellite, with specific impulses ranging from 800 to 1500 see 
(2), whereas faster trip times are obtained at the lower specific 
impulses. An electrothermal propulsion device that operates 
well over the specific impulse range from 800 to 2000 sec is the 
thermal are jet. Another electrothermal device, which shows 
promise in the 800 to 1100 sec specific impulse range, is an en- 
gine using a resistance heated refractory metal heat exchanger. 
With this interest in electrothermal propulsion devices, it is 
desirable to obtain the performance characteristics of poten- 
tial propellants for this type of propulsion device. Some of 
the prime factors to be considered in the selection of a propel- 
lant are the desired specific impulse, the associated stagna- 
tion enthalpies and temperatures, and the overall engine ef- 
ficiency. Of course there are other important problem areas 
to be considered, such as are heating limitations and propel- 
lant storage; however, these problems are beyond the scope 
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Fig. 1 Frozen flow efficiencies for various propellants; pres- 
sure, 1 atm 
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Fig. 2 Stagnation enthalpies for various propellants; pressure, 
1 atm 


of this paper and will not be discussed. 

In this paper an analysis is given for a number of possible 
propellants, comparing them on the basis of the three factors 
mentioned in the previous pars ugraph. 


Analysis 


An electrothermal thrust generator heats the propellant 
electrically to a very high temperature and then expands it 
in a convergent-divergent nozzle. Propulsion is thus obtained 
by a thermodynamic process. As a result, a great deal of in- 
sight may be obtained for the selection of an appropriate pro- 
pellant by considering the thermodynamics involved. 

Some of the pertinent parameters that govern the efficiency 
of the thermodynamic propulsion process will now be con- 


sidered. 


Specific Impulse 


The exhaust velocity of any thermodynamic propulsion 


system is given by A sya 


= V2Jg(Ho — H.) 
| o ] 
The static enthalpy in the exit plane of the on H, is made 


up of the thermal energy Hr remaining in the flow because of 
the finite expansion ratio and the energy unavailable or frozen 
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Hr, in dissociation or ionization. With this definition, the ex- 
haust velocity becomes 


V./9 = 6.95VHo Hr—Hr sec [2] 


At this point, a simplifying assumption will be made regard- 
ing the nozzle expansion ratio. For a space environment any 
pressure or expansion ratio is obtainable; therefore, it will be 
assumed that it is large enough to make Hy «< Ho. With this 
assumption, the specific impulse is given by 


= 6.95VHo—Hr sec [3] 


Thus, if the energy input is large, the propulsion fluid will be- 
come dissociated or ionized, and, as a result, the specific im- 
pulse will become dependent on the particular working fluid 
even though the stagnation enthalpy is constant (Eq. 3) 
That is, the energy put into the propellant goes partly into 
useful enthalpy and partly into ionization or dissociation, 
which energy may or may not be recoverable. 

Considering the small thrusts and, consequently, the small 
nozzles associated with some of our more immediate space 
missions, it is unlikely that much recombination will take 
place. For example, exact calculations of the chemical non- 
equilibrium effects on a hydrogen rocket have been made (3), 
and the results indicate that the flow is essentially frozen. 
Therefore it will be assumed in this paper that the flow is 
frozen at the stagnation conditions, and as a result a frozen 
flow efficiency may be defined. 


Frozen Flow Efficiency 


The frozen flow efficiency 7, is defined as the ratio of the 
available thermal power to the total power put into the pro- 
pellant 


Rr = w(Ho = Hr)/wHo Hr/Ho [4] 


wherein w is the propellant flow rate. Combining Eqs. 3 and 4 
yields the relation 


1, = 6.95V nrHo = 6.95VH, [5] 


To calculate the available enthalpy, the degree of dissocia- 
tion or ionization is required. For the polyatomic propellants 
considered, the required data have been obtained from Mollier 
charts (4-6). 

For monatomic gases, for which Mollier charts are not 
available, the relation between the degree of ionization, the 
temperature, and the pressure may be obtained from the 
Saha equation (7) : 

a 90722; 
log K, = log 
1— a? To 


(5/2) log is + log Q 6.491 [6] 

The partition functions Q, Q* required in the Saha equation 
may be found tabulated in (8). 

Having found the degree of ionization, the stagnation en- 

thalpy and the frozen enthalpy may be derived. The en- 
thalpy invested in ionization is 


H,; = 41526aE;/M— Btu/lb_ 


The dissociation energy per unit weight for the diatomic 
gases considered is found from the same equation, except that 
in this case a represents the degree of dissociation and EF; the 
dissociation potential of the molecule. 

The stagnation enthalpy for an ideal monatomic gas be- 
comes 
Ho = [(5/2)(1 + T) + 

H, + Btu/lb [8] 


However, Eq. 8 includes the total heat required to vaporize a 
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propellant, and most of this heat could be recovered only if = 


the expansion process cooled the propellant considerably be- 
low its vaporization temperature. Expansion below the 
vaporization temperature is not feasible, for a condensation 
shock could be produced which would lower the exhaust 
velocity. Consequently, this energy will also be assumed 
frozen, so that the available enthalpy becomes 


[(5/2)(1 + a) ][(R/M)(To — T.) = 


H.-H: [9] 
Eq. 5 then reduces to 
I, = 6.95V (5/2)(1 + a)(R/M)(T) — T.) = 
6.95V — H; — H, [10] 


Or using Eq. 6 
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a= VK K,/(K p + Pp) Fig. 3 Stagnation temperature for various propellants; aah 
sure, 1 atm 
so that Eq. 10 becomes at 


K R 
6.95 = 
K, 


6.95 yin. - Vi 
Pp 


In general, the latter form of Eq. 12 should be used to evaluate 
a propellant, since the heat transfer losses are governed by 
Ho. However, for an engine using a resistance heated refrac- 
tory-metal heat exchanger, the temperature form of Eq. 12 
should be used, because the heat exchanger operating tem- 
perature must be at least as high as the stagnation tem- 
perature. 

Eq. 12 shows that, for operation at a given temperature, the 
highest specific impulse is obtained by operating at a low 
pressure with a low molecular weight propellant. There is no 
effect of K,, since it is solely a function of temperature. On 
the other hand, operation at a given stagnation enthalpy re- 
quires a high pressure and a low ratio of ionization potential 
to molecular weight to obtain the highest specific impulse. 


H, 


[12] 


A 


Overall Engine Efficiency 


A parameter of particular interest is the overall engine ef- 
ficiency, since it sizes the electric powerplant and determines 
the transit time for a space mission. 

The overall engine efficiency 7 is defined as the ratio of jet 

ny 


COOLING 


RADIATION SHIELDS 


power P; to input power P. 


It may be derived immediately 
from its definition ie 


With the assumptions used herein the ratio P;/P, is equal to 
H,/Ho = nr, and the ratio P,/P is nothing more than a pro- 
pellant heater efficiency n,. Therefore 


= NFNp [14] 


Incorporated in the derivation of Eq. 14 are two assumptions: 
1) the nozzle efficiency is 1; and 2) the heat transfer losses 
to the engine walls occur before the expansion process and 
are contained in the propellant heater efficiency. If the heat 
transfer losses are recovered through the use of a regenerative 
cooling system, the propellant heater efficiency becomes 1, 
and the overall engine efficiency approaches the frozen flow 
efficiency. 


Results and Discussion 


The propellants to be studied are in the first part of the 


periodic table. Both gaseous and solid materials are con- 
sidered, since a solid may be vaporized and then used as a 
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Fig. 4 Resistance heated hydrogen engine 
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Fig. 5b Effect of pressure on frozen flow efficiency, helium 
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Fig. 5d Effect of pressure on frozen flow efficiency, beryllium 
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propellant. For example, a possible solid propellant often re- 
ferred to in the literature is lithium. With this possibility in 
mind an are jet could be designed having consumable elec- 
trodes, and this design would eliminate the severe electrode 
erosion problem of conventional arc jets. 

The results of the propellant analysis to be presented cover 
enthalpies as high as 200,000 Btu/lb, temperatures up to 
45,000° R, pressures from 0.01 to 100 atm, and specific im- 
pulses from 500 to 2000 sec. 


7 


Frozen Flow Efficiencies 


The frozen flow efficiencies for the various propellants are 
presented in Fig. 1 as a function of specific impulse for a pres- 
sure level of 1 atm. It should be noted at this point that the 
curves for lithium and carbon are in doubt above a tempera- 
ture level of 20,000° R (J > 500 and 1080 sec, respectively) 
because their partition functions are in doubt. As the specific 
impulse increases, the frozen flow efficiency decreases, be- 
cause more and more energy is invested in ionization and 
dissociation. Finally a point is reached where the fluid is com- 
pletely ionized or dissociated, and then the frozen flow ef- 
ficiency begins to increase. 

At a specific impulse in the neighborhood of 1000 sec, 
helium and hydrogen have considerably better efficiencies 
than any of the other fluids. At specific impulses greater than 
about 1600 sec, lithium appears to be more efficient than 
either helium or hydrogen. For example, at a specific impulse 
of 1700 see, lithium has an efficiency of 0.58, whereas hydrogen 
has the lowest value, 0.39. 


Stagnation Enthalpies and Temperatures 


Unlike other electric propulsion systems, the efficiency and 
performance of electrothermal rockets is limited by the con- 
vective heat transfer loss from the hot propellant to the engine 
walls. (The assumption is made here that the radiation loss 
from the hot propellant is small compared to the convective 
heat loss. Based on current knowledge, this appears to be 
reasonable.) This means that ultimately engine stagnation 
conditions are limited by the cooling system employed; how- 
ever, the final limiting factor varies with the choice of cooling 
system. For example, if a convective cooling scheme is used, 
the final limiting factor is either the maximum local heating 
rate or the propellant heat capacity. If radiation cooling is 
employed, the final limiting factor is the maximum wall tem- 
perature that can be tolerated by the engine wall material. 
(A detailed discussion of these limitations may be found in 
Ref. 9.) However, regardless of the cooling system chosen, 
the driving potential for the convective heat losses is at all 
times essentially governed by the difference between the pro- 
pellant stagnation enthalpy and the enthalpy based on engine 
wall conditions. Therefore, because of their importance in de- 
termining convective heat losses and cooling system limita- 
tions, the stagnation enthalpies required to produce a given 
specific impulse are presented in Fig. 2 for the various propel- 
lants. This figure, together with Fig. 1, indicates clearly that 
hydrogen and helium are the best propellants for specific im- 
pulses around 1000 sec. Both propellants have high frozen 
flow efficiéncies and low stagnation enthalpies. For specific 
impulses around 1700 sec, lithium again seems to be the best 
choice. 

The equilibrium stagnation temperatures needed for the 
propellants considered are presented in Fig. 3 as a function of 
specific impulse. Note that the hydrogen stagnation tem- 
perature is at least a factor of 3 lower than any other for 
specific impulses greater than 1000 sec. In fact, the tempera- 
ture required to produce a specific impulse of 1000 sec (5000° 
R) could be supplied by using a resistance heated refractory- 
metal heat exchanger. This approach is within the present 
state of the art and should result in an engine having a long re- 
liable operating life. A specific design now being investigated 
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Effect of Pressure Level 
> 


The effect of pressure on the frozen flow efficiencies of four 
promising propellants is shown in Figs. 5a—5d. An increase 
in pressure yields an increase in frozen flow efficiency. This 
is expected, since an increase in pressure inhibits dissociation 
or ionization and thereby reduces the amount of energy tied 
up in the process. Even though an increase in pressure 
yields a better frozen flow efficiency, it should be kept in 
mind that the increased operating pressure may contribute 
greatly to increased heat transfer, which may in turn reduce 
the propellant heater efficiency. 

The change in stagnation enthalpy due to a change in 
operating pressure may be obtained by referring to Fig. 1 
and Kq. 5. Eq. 5 shows that the stagnation enthalpy varies" 
inversely with the frozen flow efficiency for a given specific: 
impulse. Therefore, increasing the operating pressure will 
cause a decrease in stagnation enthalpy, or, for a given stag- 
nation enthalpy, operation at a high pressure level yields the 
highest specific impulse. 

The change in the stagnation temperature of hydrogen with 
a change in operating pressure is shown in Fig. 6. Here it is 
noted that, for a given temperature level, operation at a low 
pressure produces the highest specific impulse. This variation 
is readily surmised from Eq. 12. Also included in Fig. 6 is 
the maximum specific impulse achievable at a l-atm operating 
pressure level. A comparison of this curve with that obtained 
using the frozen flow assumption indicates the great gains 
possible in specific impulse if hydrogen recombination takes 

place in the nozzle. a 


Overall Engine Efficiency 

The variation of the maximum overall engine efficiency 
with specific impulse may be obtained by referring to Fig. 1 
and Figs. 5a-5d. The assumption has been made here that 
the engine may be regeneratively cooled so that the propellant 
heater efficiency becomes 1 and the overall engine efficiency 
equals the frozen flow efficiency. If the heat transfer losses 
‘cannot be handled by a regenerative cooling system, the pro- 
pellant heater efficiency is less than 1, and the maximum over- 
all efficiency is reduced by 7p. 


Concluding Remarks 


An analysis of several monatomic and diatomic materials 
suitable as propellants for plasma jet engines has been pre- 
sented. The parameters used in the analysis were pressures 
from 0.01 to 100 atm, enthalpies as high as 200,000 Btu/Ib, 
and specific impulses ranging from 500 to 2000 sec. 

Of the eight possible propellants considered, there are 
three that are outstanding based on high frozen flow ef- 
ficiencies: hydrogen, helium, and lithium. At the lower values 
of specific impulse (1000 sec), hydrogen and helium require the 
least amount of power to produce a pound of thrust. At 
specific impulses greater than about 1600 sec, lithium becomes 
more efficient. 

An increase in operating pressure level improves the frozen 
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Fig. 6 Effect of pressure on hydrogen stagnation temperature 


flow performance of all the propellants considered. How- 
ever, this increase in efficiency may be accompanied by an 
increase in heat transfer, so that a decrease in the propellant 
heater efficiency may occur. 


Nomenclature 
g = gravitational constant 
J = Joule’s constant, 778 ft-lb/Btu 
K, = equilibrium constant, atm : 
M = molecular weight, lb | 
Py, = power in propellant 7 
p = pressure, atm 
R= universal gas constant 
T = temperature, °R 
Subscripts 
a = available 
e = nozzle exit 
F = frozen 
= jonization 
T = thermal 
v = vaporization 
0 = stagnation 
References 


1 Moeckel, W. E., Baldwin, L. V., English, R. E., Lubarsky, B. and 
Maslen. 8. H., ‘‘Satellite and Space Propulsion Systems,’’ NASA TN D-285, 
1960. 

2 Moeckel, W. E. and Rayie, W. D., “NASA Research on Plasma Ac- 
celerators for Space Propulsion,’’ presented at the ARS 14th Annual Meet- 
ing, Washington, D. C., Nov. 16-20, 1959 (ARS preprint no. 1005-59). 

3 Hall, J. G., Eschenroeder, A. Q. and Klein, J. J., ‘“Chemical Non- 
Equilibrium Effects on Hydrogen Rocket Impulse at Low Pressure,’’ ARS 
JouRNAL, vol. 30, no. 2, February 1960, pp. 188-189. 

4 Woolley, H. W., ‘Effect of Dissociation on Thermodynamic Properties 
of Pure Diatomie Gases,’"’ NACA TN 3270, 1955. 

5 Altman, D., ‘Thermodynamic Properties and Calculated Rocket Per- 
formance of Hydrogen to 20,000° K,” JPL Rep. 20-106, September 1956. 

6 Kanter, I. E., Martinek, F. and Ghai, M. L., “‘High Temperature Heat 
Transfer from: Gases to Cylinders and Nozzles,’"” AFOSR TN 59-488, General 
Electric Co., February 1958-February 1959, Contract AF 49(638)-243. 

7 Zemansky, M. W., Heat and Thermodynamics, 4th ed., McGraw-Hill 
Book Co. Ine., New York, 1957, p. 439. 

8 Allen, C. W., Astrophysical Quantities, The Athlone Press, Univ. of 
London, 1955. 

9 Jack, J. R., ‘Regenerative and Radiation Cooling of Electrothermal 
Thrust Generators,” presented at the ARS Semi-Annual Meeting, Los 
Angeles, Calif., June 13-16, 1961 (ARS preprint no. 61-97-1791). 


at the Lewis Research Center is shown in Fig. 4. 16x 107 
PRESSURE, 
= j 
> 
| 
Zz 
=) =_ 
= MAXIMUM SPECIFIC IMPULSE 
p = 10 ATM 
| 
j 
id 
hi 
’ 
> 
- 


Response of Liquid Fueled 


Rocket Engines on Flexible Stands |v. cuosoroy: 


Space Technology Laboratories Inc. 
Los Angeles, Calif. 


The equations of motion for the free and forced vibrations of a liquid fueled rocket engine on a 
typical test stand are derived. Treated is a four degree of freedom system that considers rotation 
and translation of the engine as well as the effects of nozzle flexibility. The cubic and quadratic 


ee no a at i frequency equations resulting from simpler cases involving only three and two degrees of freedom, 
a respectively, are solved by graphical or analytical methods, which are unique and valuable for their 


simplicity. The report concludes with a frequency response analysis of an engine driven by a 
hydraulic actuator as a demonstration of the applicability of the methods discussed. 


HE PURPOSE of the subject analytical investigation and rigidity of the stand. The rigidities of the frame are 
was to develop methods of analysis for the treatment of represented by springs ko, ke, and ks. 
rocket engines on flexible test stands. More specifically, The engine combustion chamber and the nozzle may be 
the mode shapes and frequency equations for several stand considered as rigid bodies connected by a torsional spring 
configurations were required to facilitate vibration data k,. For practical purposes the flexing of the nozzle on the 
reduction and analysis. combustion chamber is a simplified but good approximation 
In the course of the investigation, graphical methods were of an engine modal analysis where only the first bending 
developed and used for the solution of cubic and quadratic mode is considered. 
frequency equations. These methods are simple and can be As shown in Fig. 2, only the lateral motions will be con- 
of value to designers of engine frames or to test engineers sidered. Let go and q represent the lateral displacements of 
requiring quick but fairly accurate estimates of the effects the frame and stand, and q and q; the angular displacements 
of the many parameters involved. of the combustion chamber and nozzle. All angles will be 
The report is divided into two parts: free vibration and assumed small, and no friction or bending of the arm /; is 
forced vibration. In the first part equations of motion are allowed. All other applicable symbols are as indicated in 
derived for the four, three, and two degrees of freedom of a the schematic diagram. 
typical test stand installation. These are presented in the BS 


form most useful for determination of natural frequencies 


Equations of motion 
and mode shapes of free vibration. In the second part of 


the report the effect of a forcing function is considered. It In terms of the generalized coordinates, the velocities of 
can result from an electrodynamic shaker or a hydraulic the mass m;, the combustion chamber, and the nozzle respec- 
actuator; both cases are investigated and the results dis- tively are : ; 

The models for the analysis, however, consist only of springs 4 4H a ca 
and masses; no damping is used except in the form of cylinder _ 7 Go + Gi + yrds 


leakages in the frequency response analysis. 


= 
go + Gi + + Yags 


Free Vibration where ys, 7/3, and lo3 are defined in Fig. 2, and gz and q; are as- 
sumed to be small, i.e., sin go = COS G2 = 1, ete. 
Three cases of free vibration are considered: four degrees Respectively, the kinetic and potential energies are 1 
of freedom—flexible engine, frame, and stand; three degrees cb, » 
of freedom—rigid engine, flexible frame, and stand; and two | = le =f 
degrees of freedom—tigid engine, and flexible frame. 2T = mq? + pA(qo + Gi + dyz + 


Is 
pA(go + Gi + + yags)*dys [1] 


Four Degrees of Freedom: Flexible Engine, Frame, and 
Stand 


= + )? + ki(qe qs)? [2] 


Fig. 1 illustrates a liquid rocket engine on a flexible test 
stand. In this case the stiffness of the frame corresponds to 
that in the missile in which the engine will be used. However, Define as follows: a 
the stiffness of the stand is preferably as high as possible so _ Combustion Chamber = 


that its motion is minimized. 
In the general case indicated in Fig. 2, which is an idealiza- a F 7 pAdy2 = me (~mass) 
tion of Fig. 1, the mass m, and the spring k, represent the mass 


A 2d =f, 
Received April 20, 1961. 


1 Member Technical Staff. (~moment of inertia about the gimbal) [8b] 
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Fig. 1 


Rocket engine test assembly 


ls 
pAydys = lome (~centroidal location) 
- 
Nozzle 


ls 

pAdy3; = ms (~mass) ae [4a] 
0 @ 
l 

f, pAyszdy3; = l3ms (~centroidal location) [4b ] 


ls 
ff, eAustdys = 
(~moment of inertia about the pivot of the nozzle) [4c] 


and substitute these definitions into the Lagrange equation 


d 


ra) fa) 


With gq, the generalized coordinate of the nth mode, the 
equation of motion is 


a 


q 
Y3 
fy 
2 
y >k 
LD 2 = 
q $k, 
l ° bey 


Fig. 2 Schematic diagram of engine on a test stand: four de- 
grees of freedom 


q2 
k, 
qo 3= 
[e) 
7 


Fig. 3 Schematic diagram of simplified test setup: three de- 
grees of freedom 


(mz + ms)Go + (m2 + ms)qi + (Lam2 + les ms)G2 + + kogo = 0 [6a] 
(mz + ms)Go + (mi + me + + + + + = 0 [6b] 
(lame + Go + (Lams + logms) Ga (Us + Go Melosqs + (qe = qs) ke = 0 [6c] 
2 
lsmsqo + + Uslosmag2 + Isqs + ki(gs — g2) = 0 [6d 
F d 
y = Vin/m ~translational frequency of the stand [7c] 
— and assume that 
a= k./Is ~rotational frequency of the nozzle 
with the combustion chamber held = Act a [8a] 
Beist 
= Bei 
ko/(m2 + ms) ~translational frequency of = Ceiwt [8c] 


the engine with the stand 
held fixed 


DECEMBER 1961 


(0 
1691 


Engine ¢ 
wt 
7 4 ' 
| 
itch Actuator ¥ 
Frame 
Stand 
| ' 
CG 
> 
I 
kj 
a | 
4 
i 
{ 
} 


The natural frequencies and modes of vibration then can be obtained in terms of the definitions by substituting Eqs. 7 and 
In determinant form the characteristic equation becomes 


8 into Eqs. 6 and solving the resultant set of equations. 


+ 


+ losms 


The Cubic Equation 
0.9 
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Fig. 4 Plot of the reduced cubic equation Q = Y? (1 — Y) 
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Three Degrees of Freedom: Rigid Engine, Flexible Frame, 


and Stand 


This case of the rigid engine on the flexible frame and stand 
is a special case of the previous problem. Fig. 3 is a sche- 
matic diagram for this problem. It is seen from the diagram 
that the engine is allowed to rotate with an angle q: and trans- 
late in the go and q directions. Such representation of a test 
setup is justified where the engine is considered quite rigid or 
where a simplified analysis of the previous problem is more 
desirable. 


Equations of motion 


The equations of motion for the system shown in Fig. 3 
can be obtained readily from the equations of motion for the 
previous case. Thus, in Eqs. 6, letting 


= k, = = 0 
7 
and 


M2. = m (total mass of engine) 


(engine CG location) 


9 


I; = 


the equations of motion become 


(~engine moment of inertia about the gimbal) 


mojo + + + kog = 0 [10a] 
+ (m, + mo Gi + Imog2 + = 0 [10b] 
Imogo Imon Lede + (ke + ks) qe = [10c] 


Frequency determinant 


The frequency determinant is obtained as before, by letting 


Go = [lla] 
n = [11b] 
= [lle] 


q2 
and substituting into the equations of motion. 


fining 


Thus, de- 


[12a] 


[12b] 


ke + ks Ic 
and, as before 


B® = ko/mo 


= k,/m 
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Solving the frequency determinant for the mode shapes 


gives 
017] 


eve 

By means of Fig. 4 (1),? the cubic frequency Eq. 14 can be 
solved analytically for the three real roots (@/A);, 22, 
follows: 

Fig. 4 is a plot of the reduced cubic equation Q@ = Y?(1 — 
}) which can be used to solve for the three real roots of the 
equation 


Solution of the frequency equation 


‘ 
re 


is 


br+c=0 [18] 


1 From Fig. 4 read off the three roots Yi, Y2, Y3 for a given | 


Q = —n?/m3 
where 
“a; 
n = (2/27)a* — ab/3 + 
m = b — a?/3 


and a, b,c are constants in Eq. 18. 
2 The roots 2, 22, and x3 are then obtained from equation — 


[19] 


and, since in the vibration problem discussed here all roots 
are real, the limits of Q are 0 < Q < 4/27; consequently, no 
imaginary solutions exist. 

Note, however, that an approximation can be obtained if in 
Kq. 14 the ratio 4 = m?/Ig is close to unity. In this case 
the coefficient of (w/A)*® becomes zero, and the equation is” 


7, n/mY a/3 
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By expanding Eq. 13 the frequency or characteristic equation is obtained, i.e. 


2 Numbers in parentheses indicate References at end of paper. hiiaiial Fig. 5 


reduced to a quadratic in (w/d)? 


(3) G) + |( 
+ (5) 
B 
After completing the squares, Eq. 20 can be easily plotted or 


mo 


3) 
(3) 


Graphic solutions of quadratic frequency equations 
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the frequency determinant is 
; 
4. 148-9 ic] =0 [13] 
: r»\2 
2 B\? 2/B\2 
48.24 gies ge = =0 [14] 
| 
B 
(3) +1 
J 
RZ 
| / 
@ 
| 
“2 
\ | 
\ | 
| 
| a 
| 
2 2 
1} mf” 
| 
+1} ~ 
| 
2 R \ ‘gear 
|| (4) (3) 
| 
(2) 
/ 
if 


20 can be written as a 


| 


where the two solutions (w/X);, 2? are given by the intersec- 
tions of a circle of radius 


at the center located : 
at the center locate 


units away from zero on the (w/d)*-axis. 


Two Degrees of Freedom: Rigid Engine, Flexible Frame 


The two degrees of freedom system is the simplest, yet in 
practice often the most significant, case. Fig. 6 schematically 
illustrates a two degree of freedom system. 
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solved analytically. For example, as shown in Fig. 5, Eq. 


equations of motion are 
@ 


_ In this problem the equations of motion can be obtained 
immediately from Eqs. 10 by letting q: = 0. Hence, the 


Mofo + mole + 


ll 


= ge 
ko ks 
Frequency equation and mode shape 


2 
The frequency equation of the two degrees of freedom sys- 
tem is 
(¢)) 4 mol? Ww 2 B 2 B 2 
1 =0 [22 


and the mode shape is ees 


IC/A = (B/w)?-1 (23) 


where as before 


2 1 + (A/B)? ~ To \ke + ke 


Solution of frequency equation 

Frequency Eq. 22 can be solved analytically or graphically 
for the two natural frequencies of the system. As before, 
the graphical solution can be obtained by rewriting Eq. 22 
and completing squares. Thus 


and whose center is at (1/2) [(A/8)? + 1] on the (A/w)?-axis. 

The roots (A/a)? and (A/a)? are located on the intersection 
of the circle with the abscissa of the graph. The construc- 
tion in Fig. 5 then illustrates the behavior of the roots (A/w) 
and (A/a») as the ratio ml?/I¢ is varied. This allows for 
quick determination of the roots. 

Thus, from either Eq. 25 or Fig. 5 it is seen that the two 
roots are 


(5) 


The coupled frequencies a; and a, are functions of the un- 
coupled frequencies \ and 8 and of the factor up = mol?/Ic. 
This dependence on the ratio yu is shown in Fig. 7, where the 
ratios of w/w; and w/w. are plotted against the ratio X/B, 
and w is defined as the frequency of the system when yu = 1. 
It is seen in the illustration that the higher frequency a 
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8 [21] 
: Mo) ~ 2 
1f /A\? 1 4 mol? (25) 
“ao 
2 B I G B I 
or As plotted in Fig. 5, Eq. 25 is a circle whose radius is 
= 
is 
e| 
= 
} 
2 jl r\2 mol? F 
4 2 th 
=) k 
« ! 3 
. Fig. 6 Schematic diagram: two degrees of freedom 
D 


appears to be more affected by the ratio wp = mol?/I¢ than 

the lower frequency. Furthermore, the effect of u seems — 
largest when \/@ is close to unity. Therefore, when yw and 
\/B are known, the coupled frequencies w and we can be | 
estimated from Fig. 7. Ww _ 


Forced Vibration 


In the previous secticns only the free vibrations of the 
various test setups were considered. How the dynamic re- 
sponse of systems is affected by forcing functions will now 
be discussed. Fig. 8 shows a schematic representation of a 
system using an electrodynamic shaker for excitation. Fig. 9 
is a system in which a hydraulic actuator is used. The 
Lagrange equations for such systems now contain the gen- 
eralized force term Q,, and the qe is a generalized coordinate. 
For example 


»|t/2 5, /2 > 
| | 
pe 
10) paz 
x { mT 
Let | 
= ea 
0.2 0.3 0.4 0.5 0.7 0.91 4 9 10 


Fig. 7 Plot of the coupled frequencies as functions of the uncoupled frequencies and of the 
factor u 


therefore 


Cy 
+ hs 


where F is shaker force, Aé is shaker displacement, and kz, ks 
are spring constants (as in Fig. 8). 
The generalized force in terms of the shaker force F becomes 


Fil; 


[31] 


The generalized force Q2 can now be inserted in the proper 
equation of motion. For example, in the two degrees of 
freedom case Eq. 21 gives 


= (T—V)i- (T—V) =Q, [28] moljo + + Koyo = 0 [32a ] 
Tage = Fl, ——— 32k 


Electrodynamic Shaker Excitation 


From physics, the generalized work TW is 
W = Qo = Fil, 


[29] 


where 1, Aq2 is a virtual displacement, and F» is the force on 


the actuator arm of the length 
However, since a 
= 
= Fi +P; 
= Aik: 


Eqs. 32 can be solved by standard methods. 


Excitation by a Hydraulic Actuator 


Fig. 9 shows a typical test stand installation using a hy- 
draulic actuator for vibration excitation. The spring con- 
stants of the frame and the hydraulic actuator itself actually 
may be identical with those used in the missile for which the 
engine is intended. Such a test setup can, therefore, be used 
to make frequency response studies in order to determine 
the dynamic characteristics of the missile-installed engine. — 


Frequency response analysis 


A simplified frequency response analysis for the system in 
Fig. 9 can be made as follows: | 
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Suppose it is desired to obtain an expression for the closed where 


loop frequency response 64/5c, where 64 = dp, + 4s, and d¢ 


is the command signal in degrees of engine rotation. - k= 
The equations of motion the can be obtained + aks + 
from Eq. 21 by including the generalized force F2/, and letting and k, is the spring constant of the oil under compression. 
= Thus, with defined as above, and B? = ko/mo 
/1G 
= do + lis + = 0 [33a 
+ + Ted*qQ2 = Fil, [33b ] 


To write F. in terms of 64 and 6¢, the equations for the 
actuator (2) are written 


Ads ~ 81) — PAL (34] 
= L142) 
64 = Op, + 6s 


where 


k. = valve constant 
A, = area of the actuator piston 
| _ P, = working pressure in actuator 
= coefficient of leakage in the actuator 


where = /?/I¢, as before, and 


Eqs. 33 through 37 and applying the Laplace 
transformation gives 
64 Lk. bs? S 
(S + ky) 
| 


Ww 
AAAAAA 


Discussion 
> 38 » ) 

The transfer function approaches zero when its 
; ; hip! ; numerator, or frequency equation, approaches zero, or when 
Fig. 8 Electrodynamic excitation of an engine on test stand the denominator goes to infinity. Thus, setting the numera- 


ter of Eq. 38 to zero and solving for the frequencies at which 
this occurs gives 


2 ¢ 


when the correct 8, and yw are used, frequencies and in 
Eq. 39 are the same as those that can be obtained from Fig. 
5 or Fig. 7 

If ko ~ ©, then B © and 64/dc > 0 at 


would be expected. The special case when yp = 1 yields 
B? 


[39] 


= 
B\* 
1+(5) 


Command , Therefore from this discussion it can be seen re if ly - = 

Signal °C two frequencies w; and a» are obtained, for which 64/6¢ = 0. 
These frequencies can be obtained exactly from Eq. 39 or 
estimated from Fig. 7. 
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S Representation of Fuel Sloshing in 
Cylindrical Tanks by an ‘Equivalent 


gravitational field. 


HE OSCILLATORY motion of fuel in a large rocket 

tank, or even an airplane, may be near resonance with 
the motion or control system of the vehicle and thus can 
lead to dynamic instabilities or even to structural fail- 
ure. For small oscillations the complete dynamic system 
is linear, but even so, for analysis sake, it may often be desir- 
able to replace the liquid, which has a free surface, with a 
simpler mechanical system that is dynamically equivalent to 
the sloshing liquid. This equivalence is taken in the sense of 
equal resultant force and moment acting on the tank wall. 
By properly accounting for the equivalent mechanical system 
representation for sloshing, the problem of overall dynamic 
system behavior can be formulated more simply and 
then be investigated by employing an analog or digital com- 
puter (1). For rectangular fuel tanks, both the force and 
moment resulting from sloshing and an appropriate equiva- 
lent mechanical system or model, without damping, have 
been given in (2). The equivalent mechanical model sug- 
gested for such rectangular tanks is a series of spring-mass 
elements suspended at various heights in the tank. 

In many large rockets, however, the fuel tanks are cylin- 
drical; the equations for force and moment resulting from fuel 
sloshing in such tanks, without damping, have been derived 
in (3-5). The equivalent mechanical model suggested in 
(3, 4) is a series of pendulum-mass elements of various 
arm lengths attached to the centerline in the plane of sym- 
metry. For sloshing in a cylindrical tank with damping, 
in an Earth-fixed vertical gravitational (inertial) field a, 
the equations for force and moment are given in (6). This 
analysis is based on consideration of a single element spring 
mass dashpot; however, no explicit mechanical system is 
described. The suggested procedure (6) is to introduce an 
imaginary damping coefficient g into the resonance terms of 
the theoretical force, moment, pressure, and surface amplitude 
equations derived for the undamped case (5). These equa- 
tions are then transformed so that they reduce to those of 
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isfactory for predicting total force response. 
it possible to apply the mechanical model to the case of axial thrust acting in addition to the vertical 


H. NORMAN ABRAMSON? 
WEN-HWA CHU 
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A mechanical model for representation of linear fuel sloshing with damping is derived by compari- 
son and extension of available theoretical results in both translation and pitching without 
damping. Available experimental data indicates that the mechanical model representation is sat- 


A simple interpretation of the formulation also makes 


the undamped case for g = 0 and to those of a rigid mass for 


g= 
A somewhat different but still simple equivalent mechanical 
system (model), consisting of a series of spring mass dashpot 
elements attached at various specified heights in the plane of 
of symmetry, is suggested in this paper. Since it is probable, 
when large damping exists, that the only substantial change 
in the system is in the damping coefficient, the new formula- 
tion is based on derived equations for small damping with the 
assumption that the parameters of the equivalent mechanical 
system, in a fixed gravitational field, are frequency inde- 
pendent and are the same as those for zero damping. This 
makes the height of each of the spring mass dashpot elements 
independent of frequency. The resulting equations for force 
and moment in translation and the force in pitching oscillation 
reduce to the same as those given by Bauer (6); however, 
a new expression for the moment resulting from pitching 
oscillations is required. The resulting equivalent mechanical 
system appears to be satisfactory for practical applications. 
It is also found that the same system is valid even if there is 
axial® thrust, provided that proper interpretation of the 
results is made. 


Development of the Equivalent Mechanical Model 
Force and Moment Resulting From Sloshing With Zero 
Damping 


The equations for force and moment resulting from sloshing 
in a cylindrical tank with zero damping have been given in 


(5) ) and elsewhere’ as follows: 
2h 
d 


Fy® = Aei*t.w*Mp (1 + ah 
& (En? 1) 


6 In this paper the word azi ‘1 is not to be taken as necessarily 
synonymous with the word vertical since, even though the flight 
path is assumed to be vertical, the vehicle may be oscillating 
about the flight path. 

7 Equivalent analyses are given, for example, in (3, 4, 7). 
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£, Tanh (¢. d (7) Cosh (¢. 2) ( 


ot = Tanh (&, 


Fy® = F, — Mra- Be 


2 
= 2Be. 2M 


2h 4 2 
(7) com (7) 


= Beit rh +> 


1 

9 

(Z) 9 - 1) 


8a i» sort, 


2h dw? (2h 2 2° dwt 


pote 4 - 
4 = > 
] =1 sinh( 7) Tanh (7 3) fe 
‘ 


n=1 


at 


Equivalent Mechanical Model for Representation of Slosh- 
ing With Damping 


The equivalent mechanical system with damping is shown 
in Fig. 1. The sloshing liquid is replaced by a series of spring 
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h\ 
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Cat 
2h\ 
+=\Tanh{&—) 
~ a & 
M,‘ 
and 
78> je “<i 
I 
d (= 1) # d 
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where ha 
Ir = Meh it 4 2h 
d 
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mass dashpot elements, in addition to a rigid mass Mo having 
a moment of inertia Jo. The other masses are all point 
masses, each of which has zero inertia about its center, and 
each spring is compressible along its axis but infinitely stiff 
in the direction normal to its axis. The equivalent system is 
supposed to be moving in an effective Earth-fixed vertical 
gravitational field (total acceleration = a). The equivalent 
system in an effective gravitational field provides a complete 
analogy to the sloshing liquid without damping. The intro- 
duction of dashpots may provide a good approximation to the 
sloshing liquid with damping, but this will have to be eX- 
amined in more detail by comparison with experimental data. 

Let the tank undergo a translational oscillation = Ae’ 
and a pitching oscillation @ = Be'*'. The forces and moments 
exerted by the equivalent system are 


Fy® = Aett.w2M + M M; 


Undisturbed 
[5a] 
Lim Fy = Ae™-w*M X 


—T} 
gn's—>0 
m m j |" 
0 n n - 


mo 


= Ae. w?M rh 


hat) Tot Fig. 1 Equivalent mechanical systen 
w w | 
w? 
“mM Zo Mn 1 
n 1 B 
Me a Mn a 1 
w? 
M,® = Mrh?Be'- —— — 
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| 
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| 
A 
| 
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} 
iwt 
| 6=Be 
| 
n Sn ann h /2 
X= Ae 
& 
og 
+ 
> 
[8b] 


The derivations of these equations, although lengthy, are not difficult; the derivation of M,® (Eq. 8) is given in the Appendix by 
way of illustration. Eqs. 5b, 6b, 7b, and 8b agree with the results given in (2). 


Equivalent Mechanical Model for Representation of Sloshing With Small Damping | 


In many practical applications, the damping coefficients are small. For zero damping, the equivalent system may be 


given by a series of spring-mass combinations, the positions of which are frequency independent. The essential characteristics 
of the model are given by the following equations: 


2h 
Mr éA(&?—1) = 


@Tanh 


9 
2 2 > 0 


2h 
d 2h 2h 2h 
d d d}| <9 


h = 2h , [2h = 


Mrh? Mrh? 2h\? 2h 2h 2h 2h £,7(E.? — 
Tanh + () Cos h (é 


| 


wtr 
= 
R 
5 
2 
a|& 
wre 


@Tanh (¢. *) (7) (¢. (Ex? — 1) 
2h d 2h 2h 2h 
| 


For small damping, it is assumed that the mass distribution remains sportaly unaltered, and therefore the force and mo- 
ment are given by Eq. 5-138, i.e. 


where 


2 Tanh 7) 
tet 2 > 
M Ae ‘M rh Dh\? Dh\?2 2h 
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2h 2h 2h 2h 
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> 2h 2h\ . 2h 2h 2h 2 @ 
3) 1) («. i) Sinh (¢. 7) 7) Tanh (¢. 1+ ign 


1 2 1 
M,® = Mph®Be**.w? {= + + 
12 2h\? 2h\? — 1) 

pay n=1 
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M rah 


+ 

2h\ 2h 2h 2h 


[18] 


= 


yy 1/é,2(£,2 — 1) has been used. 


n=1 


where the identity 1/3 = 


= 2 
(E,2h/d)*(E,2—1) 


1 
In Eqs. 15 and 17 the te 
is automatically zero. 

When g, — 0, the effective moment of inertia is the same 
as that with a frozen free surface, i.e., the moment of inertia 
of a completely filled tank (8), and the effective mass is the 
total mass of the fluid Mr. 

It should be noted that the total force on the tank wall is 


given by 


The only difference between Bauer’s results (6) and those 
of this paper is the moment resulting from pitching oscilla- 
tions. For infinite damping, the forces and moments reduce 
to those corresponding to a frozen free surface, whereas 
Bauer’s theory requires them to reduce to those of a frozen 
rigid) body. The difference between the two analyses is 
large near the first resonant frequency.’ In many practical 
applications, however, the center of rotation is about one 


Fx = Fy a M rad 


Comparison With Bauer’s Theory (6) 


8 The results of some computations will be given later in this 
paper. 
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3) Sinh (2 7) Tanh (¢. *) 


diameter or more from the c.g. of the liquid, and in such cases 
the moment about the c.g. contributes only a small percentage 
of the total moment. For this reason, the discrepancy be- 
tween the theories may be of little practical importance. 


Interpretation of Model for Case of Axial Thrust 


During vertical launching of a rocket, there is an axial thrust 
producing an upward axial acceleration a7’.? If the gravi- 
tational acceleration is G, the resultant acceleration is a7’ + 
G. The inertia foree —p(ar’ + G) plus the gravitational 
force pG results in the total body force — paz’, which oscillates 
with the tank when the tank itself undergoes pitching oscilla- 
tions. From studies of a more general case it can be easily 
shown that the same equivalent system as derived in the 
foregoing is valid here, provided that the natural frequencies” 
are calculated with a replaced by the total downward axial 
acceleration due to body forces, which is equal to @7’ in this 
important case. These two quantities coincide in the case 
of pure translational oscillations. 


* The important point to note here is that the axial thrust and 
corresponding axial acceleration need not be vertical in the 
Earth-fixed sense; see also £9) for further discussion. 

10 See just following Kq. 2 
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Fig. 2 Height of sloshing mass vs. liquid height 


Experimental Evaluation of the Equivalent 


In order to examine the ability of the equivalent mechanical 
model to represent the actual force and moment response of a 
tank containing sloshing liquid, it is necessary first to have 
knowledge of, or to determine, appropriate values for damp- 
ing factors. The mechanical model can then be employed to 
predict the response that is to be compared with that actually 
measured during some test program. Earlier work during 
this program of research has resulted in the accumulation of 
a rather substantial amount of experimental data for model 
tanks in translation and in pitching and with different types 
of suppression devices (10,11). This experimental data can 
therefore serve as the basis for evaluation of the equivalent 
mechanical model. The two types of suppression devices 
to be considered are floating cans and conical (or long single) 
rings (10). 


Damping Factors 


The damping factors were obtained directly from the ex- 
perimental response data by an iterative procedure based on 
the half band-width technique, as given and described in 
(6). The damping factors thus obtained depend, of course, 
on excitation amplitude and equivalent Reynolds number. 
It is necessary to correlate the damping factors obtained from 
pitching tests with those obtained from translational tests to 
insure that the values are in sufficiently close agreement for 
the two types of motion to allow the use of a single value for 
a given suppression device. A basis must therefore be es- 
tablished for determining equivalent excitation amplitudes in 
pitching and translation at which damping factors may be 
correlated. The equivalent mechanical system consists of a 
fixed mass and a series of sloshing masses connected to the 
tank through springs and dashpots; each mass corresponds to 
one of the natural resonant modes, and the height location of 
the various masses depends on the liquid height being repre- 
sented. Since the measured damping factors are obtained 
at the first mode (n = 1), the effects of higher modes being 
relatively unimportant, the amplitude of motion of the mass 
corresponding to this mode may be used for comparison be- 
tween translation and pitching. Fig. 2 shows the height of 
the n = 1 and n = 2 masses as a function of liquid height. 
Fig. 3 shows the variation of the pitching angle required to 
displace the n = 1 mass by an equivalent translational dis- 
placement, where h,/h is obtained from Fig. 2. The pitching 
excitation amplitudes of the various test data were therefore 
converted into the equivalent translational excitation ampli- 
tudes by use of Fig. 3. The resulting plots of damping fac- 
tors for the conical rings are given in Fig. 4 and for the floating 
cans in Fig. 5, expressed in terms of dimensionless excitation 
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Fig. 3 Equivalence of translation and pitching amplitudes of 
sloshing mass 
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amplitude Xo/d at one value of the effective Reynolds number 
(10,11). 

Comparison of damping factors due to the conical rings 
(Fig. 4) shows rather good agreement between pitching and 
translation. Comparison of damping factors due to the 90 


floating cans (Fig. 5) shows fair agreement, the damping 
factors in pitching being lower than those in translation. A 
possible explanation of this discrepancy may be the different 
manner in which the cans introduce damping into the liquid 
Whereas the rings are distributed through most of 


system. 


| 
THEORETICAL - MECHANICAL MODEL 
(9, @, 0140) 
EXPERIMENTAL 


Fig. 6 Translational force response: 90 floating cans, 
h/d =0.505, xo/d = 0.00480 


7 Translational force response: long single rings, 
h/d = 0.505, x/d = 0.00480 
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Fig. 8 Pitching force response: 90 floating cans, 
h/d = 0.505, = 0.01191 
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the liquid height and thus impart a distributed form of damp- 
ing, the cans introduce damping at the surface only. A 
slightly more accurate equivalent mechanical model for 
floating can suppressors might therefore be obtained by the 
introduction of some appropriate empirical correction factor 
that would tend to shift the damping curves in pitching in 
Fig. 5 nearer those in translation. It is shown in the following 
section that the calculated response curves are sufficiently 
accurate, for practical applications, so that the introduction 
of such an empirical correction is not considered necessary. 


Comparison of Measured and Calculated Force Response = 


The values of the damping factors obtained as described 
above have been employed in the relevant equations of the 
equivalent mechanical model to calculate the total force 
response in translation and in pitching, and these are then 
compared directly with the original experimental data. The 
calculations carried through with the mechanical model gen- 
erally involved three spring mass dashpot elements, although 
a few examples did involve four or five elements. 

Examples of the results of the comparisons in translation 
are shown in Fig. 6 for the floating cans and in Fig. 7 for the 
conical rings.!11 The agreement between calculated and 
measured force response is generally very good in both ampli- 
tude and phase, and is somewhat better for the rings than 
for the cans. The slightly poorer agreement for the cans is 
probably attributable to the fact that part of the damping 
is provided by mechanical friction between cans, and this 
damping cannot be represented well by an equivalent dashpot 
in the mechanical system, as mentioned previously. 

Similar results of the comparisons in pitching are shown in 
Fig. 8 for the floating cans and in Fig. 9 for the conical rings. 
The agreement between calculated and measured force re- 
sponse is generally very good in both amplitude and phase 
for both rings and cans. 

Unfortunately, no reliable experimental data has yet been 
obtained for moment response in either translation or pitch- 
ing, because of certain instrumentation problems, and there- 
fore no comparisons are possible. However, it was noted 
earlier in this paper that the moment resulting from pitching 
oscillations as given by the present mechanical model is 
slightly different from that given by Bauer (6), and therefore 
it is of some interest to compare the moment due to pitching 

given by the two analyses. This is done in the following 
section. 

11 Because of space limitations, only a few examples of a large 
series of comparisons can be given here. The comparisons are 


equally good, or better, at other liquid depths and excitation 

amplitudes. 
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Fig. 9 Pitching force response: long single rings, 
h/d = 0.505, 4 = 0.00298 
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Examples of the calculated response curves for the moment mses aati 
resulting from pitching oscillations are shown in Fig. 10 for | 
the floating cans and in Fig. 11 for the conical rings. It is 


noted that the present analysis gives response amplitudes 
consistently less than those obtained from Bauer’s analysis | Tf] 
(6). Again, the moment about the c.g. contributes only 4 + 1 oe 
slightly to the total moment so that this difference between | 
the two analyses may not be of great practical importance. <1) oof 
J | present 

It would appear that the equivalent mechanical model for 
the representation of linear fuel sloshing with damping in | | 
cylindrical tanks proposed in this paper is fairly well estab- 
lished. This is evidenced by its analytical foundations and ' | 


2 4 6 © 4 20 
DIMENSIONLESS FREQUENCY PARAMETER 


by the rather good agreement obtained between measured 
force response and that computed by means of the model. 
The appropriate values of damping factors to be employed in Fig. 10 Pitching moment response: 90 floating cans, 
the model must, of course, be determined in advance by some h/d = 0.505, g = 0.058 

experimental or analytical program. 


Derivation of Eq. 8 | 


The derivation of Eqs. 5-8, although lengthy, is not so 
difficult; by way of illustration, the derivation of M,@, the 


moment due to sloshing in pitching (Eq. 8), will be given here. 2 | yl 

Assume that there is no axial thrust (a = G) and let z, be | | 
the horizontal displacement of the mass m, from the vertical “ | | 
axis, due to pitching. The balance of force on the mass m, P oe | Se ee | 
yields | | BAUER'S APPROXIMATION 

| ——-—— PRESENT APPROXIMATION 
—kn(tn — 02) — — 2.0) +m,a6 [A-1] umn 
2 
X, = Beitz,] 1 nad 02 
| + — + + \ 


h/d = 0.505, g = 0.091 


provided that 


7 a DIMENSIONLESS FREQUENCY PARAMETER 
+ ] Fig. 11 Pitching moment response: long single rings, 


= 


Nomenclature 
24 d = diameter of cylindrical tank 
Fy = 


horizontal force 


n=1 
M2. 


1 
+ Mr [A-3] 
n=o4 
The moment exerted on the tank is ee Pac. 
Jn = nth damping coefficient 
h = height of undisturbed liquid 
© Mn @ [%n — + kn = spring constant of the mth spring 
n=1 My = moment about y-axis normal to the plane of 


symmetry through c.g. 
mass of the nth point mass 
translational displacement 


By direct substitution, this leads samodintaly to _ 8 sl the Mn 
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Zn = 2n = vertical position of the nth point mass from a 
horizontal plane through c.g. (tank undis- 


turbed) 

a = downward axial acceleration field acting in addi- 
tion to gravity 

ar = a+GCos@Aat+G 

Bn = MiOnJn 

6 = angular displacement, positive clockwise (Fig. 
1) 

“u = fluid viscosity 

f. = nth zero of the first.derivative of the Bessel 


function of the first kind of the order one, 


ie., = 0 
fluid density 


ll ll 


V nth natu ral frequency 


Wn 

Superscripts 
— ( ) = associated with translational motion 
-() = 


. 


tions. 


HIS investigation is concerned with the buckling re- 
sistance of a cylinder under radial pressure with a rather 
short loading duration, i.e., impulsive loading. It is well 
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A study is made of the stability of a long cylinder under radial pressure of short duration. The 
equilibrium equations are reduced to a mass-spring system in a single degree of freedom. It is 
shown that if the magnitude of the pressure is greater than the static buckling pressure, the dis- 
placement will increase monotonically as loading duration becomes long. The cylinder can with- 
stand an impulsive loading greater than the static buckling pressure if the loading duration is very 
short compared with the free vibration period of the cylinder in the first mode. Numerical results 


known that a structure can withstand a dynamic load greater 
than the static buckling load if the loading is impulsive rather 
than static. 


Equations of Motion 


The motion of a long cylinder due to radial pressure will be 
independent of the axial coordinate. The motion is asym- 
metric, and the equilibrium equations (1)* can easily be 


3 Numbers in parentheses indicate References at end of paper. 
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Fig. 1 Shell element 


written down with the aid of the notation given in Fig. 1 


ON, OM, _ [1] 
Ny +a + ga = ma [2] 


The circumferential foree N, and moment M, are given in 
terms of the displacements by 


(aw _ 


ih 
Eh’ 


120 — dy? 


M, = 


Substituting these displacement expressions in Eqs. 1 and 2 


yields 
oy? a Oy? 
1-p? 


Ov _ Wo , 


Next, decompose the displacement into two parts so that 


where w; and »; are displacement components producing mem- 
brane stress only, and w and v are the remaining displace- 
ment components. In membrane shell theory, w, and 1 
satisfy the equations of equilibrium (2) 


W=wtw 


1 ov: _ 1 1 — [3] 
dy a Eh ~ 


Subtracting Eqs. 7 and 8 from Eqs. 4 and 5 respectively 
after omitting the contribution to the bending terms by the 
membrane displacement and observing that (dv;/dy) — (w:/a) 
= — (1 — yw?/Eh) qa is the dominant part in the expression 
[(2v0/ oy) — (w)/a)], the final equation may be 
given in terms of v and w: — 
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§ _Denote 


Eh 


- The inertia term in Eq. 9 may be ignored since the magnitude 


v is small compared with w (3). The basic equation of 
motion in terms of w is obtained only by combining Kqs. 9 


and 10 
2 3 


12 a? Eh 


h? oF 
Beale = 0 [11] 


Solution of Problem 


Eh dyat? 


Eq. 11 will be satisfied by the following expression: 
w = W(t) cos n(y/a) [12] 


where n is an integer > 2. W(t) is a function of time only. 
Substitution in Eq. 11 yields 


, nt — + 3 G/der) 


W(t) =0 [13] 


dt? 3(ma/qer) 
where 
(14) 


is the classical buckling pressure acting uniformly on the 
external surface of a long cylinder. 


2 = 
3(ma/qer) 
and rewrite Eq. 13 in the form 
aw 
2 = 
+ pW =0 


Eq. 16 is recognized as the motion equation of a mass-spring 
system. The first term represents the inertia force and the 
second the restoring force of the spring. The nature of the 
solution will depend on the sign of p?. Note from Eq. 15 
that p will be zero if 


q/Ger = (1/3)(n? — 1) [17] 
In this case, the restoring force of the spring is destroyed, 
and the system is unstable. As the cylinder offers the least 


resistance possible, the minimum q required to satisfy Eq. 17 
will be given forn = 2. So 


q = Yer [18] 


Notice from Eq. 12 that for n = 2 the displaced position of 
the cylinder is an oval. Call this vibration the fundamental 
mode. From now on only this mode, i.e., the case of n = 2, 
will be considered, as it gives the lowest unstable g. Hence, 
Kq. 15 may be rewritten 


16 ~ 
3(ma/qer) 


Accordingly, p? will be positive for q < qr and negative for 
g> er. The case of g 2 ger and the one in which g approaches 


[15a] 
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Ger a8 a limit will be investigated separately. Case 3: Near-Critical Condition ’ 
a E - This case shall be investigated by referring to Eq. 15a = 
Case 1: Subecritical Condition (q/qa = a< 1) 
As previously stated, impulse type loading is under im? =0 [27] 
sideration. Assume, for the present, that the loading is 


given as shown in Fig. 2, i.e. The solution may be derived from Eq. 25 by applying L’ Hos- 
pital Rule. Thereby 


[19] —ipt) — | 
= 0 t>r [cosh(—ipt) 
According to Eq. 19, the well-known solution for Eq. 16 1 (Ger set: a i. 
takes the form (Ref. 4, pp. 4 and 104) <t<r [28] 
= (=2 *) sin p(t — t*)dt* 1 _ = 
| (1 — cos pl) 0 < t = T (20) 0 < t < T [29] 
and a The equation of motion for t — T is seen equal to 


Wi) = (r) cos pot + — ) -sin pot t>r [21] = 3 cos pol sin pot [30] 
l=r 


In Eq. 21, po is the natural angular frequency of the long The physical phenomenon displayed by Eqs. 28 and 30 are 


cylinder at its fundamental mode, i.e. comparable to Eqs. 25 and 26 in case 2. 
Po = 2V qer/ma [22] Numerical Results 
Its period of vibration is equal to The ranges of load intensity and duration for which the 
Oo oe cylinder responds to loading without causing buckling are 
= 2n/po = T/ma ‘dex [23] interesting from the viewpoint of design. The amplitude of 
—* as —— wen vibration caused by a given impulse shall be found in terms 
Also note that Eq. 20 satisfies the initial condition of thickness of the shell. It can be judged from the ampli- 
aw tude whether the vibrating motion is greater than allowable. 
W(0) = (FF) = 0 [24] The amplitude W,, (Fig. 2) is readily found by the following 
dt Ji=0 expression (Ref. 4, p. 5): 


The cylinder will undergo a periodic motion in the presence 
of the impulse load and will continue to vibrate after the 
loading period terminates simply by changing its angular 
frequency from p to po (ef. Eqs. 20 and 21). Therefore, it 
may be said that the motion is always stable under the sub- 
critical condition. 


m= furor + [2 [31] 
4, t=r 


Case 2: Supercritical Condition(q/q-, = a> 1) 


The loading character will be assumed the same as that 
given by Eq. 19. It is found that with p imaginary this time, 


the solution of Eq. 16 is as follows: q 
t 1 Ader _ 4% * 
Wo) foc ) sinh (—ip)(t — t*) dt 
| 
= W(r) cos pot + — ‘sin pt [26] | 
dt per 34 \ 
\ 
Eq. 25 again satisfies the initial conditions of Eq. 24. a} A Wm , 
The amplitude of the motion will increase monotomically =] 7 \ 
as long as the load is acting. The cylinder will certainly a ! \ TIME 
collapse if the loading period is long enough. If, however, OT \ 
the loading period is short enough not to cause buckling \ 
(amplitude approaches infinity), the cylinder will then under- 7 iM 
go periodic motion with natural angular frequency pas soon 
as the load is removed (see dotted curve in Fig. 2). Here — 
then, the stability of the motion depends on the duration — — 
of the impulse. Fig. 2. Load and radial displacement vs. time 
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LOAD DURATION, r/;, 


Fig. 3 Amplitude of radial displacement vs. load duration for 
various intensity 


where W (r) and (dW/dt),-, are obtained from Eq. 20 for 
the subcritical condition, from Eq. 25 for the supercritical 
condition, and from Eqs. 28 and 29 for the near-critical 
condition. The results for all cases discussed are plotted in 
Fig. 3 with (W,,./h)(h/a) as ordinate and nondimensional 
loading duration 7/7 as the abscissa. The following con- 
clusions may be drawn by studying Fig. 3: 

1 The cylinder can withstand radial pressure greater than 
the classical (static) buckling pressure if the loading duration 
is short enough in the supercritical condition. 


aed 


_ which is negligibly small. 


3 
Nomenclature 


2 In the static case, as long as gq < Qer, the cylinder 
simply undergoes membrane strain due to hoop compression, 
In the case where the load is the 
impulse type, even under the subcritical condition, the ampli- 


; & of vibration is the same order of magnitude as that under 


the supercritical condition. 


3. It is shown from Fig. 3 that the allowable loading dura- 


tion, without causing the cylinder to buckle, is rather short. 
_ The buckling resistance can be substantially increased if 


sandwich construction is used. The sandwich cylinder has 


much higher bending stiffness, which contributes substan- 


tially to buckling resistance, than the monocoque shell. Also, 
a sandwich cylinder can actually be made lighter than a 
monocoque cylinder, reducing the inertia force. 


“a = time 
= a6, arc length, Fig. 1 

Uo, Uo, Wo = 2, y, 2 displacement components rp ee 

m = mass per unit area of middle surface 

a,h = radius of the middle surface, shell thickness 

Eu = Young’s modulus, Poisson’s ratio 

N, = membrane force in the y direction ws 

M, = moment, Fig. 1 

q = radial pressure 

ky = curvature 

T = impulse loading duration 

T» = period of the first mode of a long cylinder in free 

vibration 

qa = classical buckling pressure 

Wm = maximum amplitude of vibration 

a = Q/Qer 

n = number of waves around circumference 

= natural frequency, see Eq. 15 
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OT WIRE probes have been used for a number of years 

to measure the mean properties of a fluid stream. The 

hot wire is capable of providing two thermodynamic meas- 

urements: the rate at which heat is transferred from the wire 

to the stream and the wire recovery temperature for zero heat 

transfer. If sufficiently accurate relations are known for the 

heat loss and recovery temperature as a function of the proper- 

ties of the flow, only one additional thermodynamic measure- 
ment is necessary to specify the flow field uniquely. 

The present investigation was undertaken with two pur- 
poses in mind. First, in using the hot wire to measure mean 
quantities in low density compressible flow, it is necessary 
to have an accurate calibration of the wire heat loss and re- 
covery temperature as a function of Mach number and 
Reynolds number. For high Reynolds number flows, these 
relations are well represented by the data of Laufer and 
McClellan (1). Often, however, it is necessary to use the hot 
wire in regions where the Reynolds number based on wire 
diameter is small. Previous investigations (3, 4, 6, 7) have 
illustrated the general qualitative features of the Nu-Re re- 
lation at small Reynolds numbers, but the experimental un- 
certainties are too large for calibration purposes. The first 
objective, therefore, was to obtain an accurate hot wire 
calibration at high Mach number in the transition regime be- 
tween continuum and free molecule flow. 
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Mach number of 5.8. Data were obtained over an eightfold range of Reynolds numbers in the 
transitional regime between continuum and free molecule flow. At high Reynolds numbers, the 
heat transfer data agree well with the results of Laufer and McClellan, which were obtained at lower 
Mach numbers. At lower Reynolds numbers, the results indicate a monotonic transition between 
continuum and free molecule heat transfer laws. The slope of the heat transfer correlation was 
found to vary monotonically, with Nu ~ / Re at high Reynolds numbers and Nu ~ Re for Re < 1. 
Data on the wire recovery temperature, corresponding to zero net heat transfer, were obtained for 
free stream Knudsen numbers between 0.4 and 3.0. Comparison with previous data suggests that 
for Mach numbers greater than about two the normalized variation of recovery temperature in the 
transitional regime is a unique function of the free stream Knudsen number. The steady-state 
hot wire may be used as a quantitative instrument to obtain two thermodynamic measurements: 
the rate of heat transfer from the wire and the wire recovery temperature. Hot wire and pressure 
measurements in the wake of a transverse cylinder show that good accuracy may be obtained, even 
when the Reynolds number based on wire diameter is small. 


The second purpose of this investigation was to provide 
further information on two features of low Reynolds number 
flow which are important from a theoretical point of view. 
One of these is the recovery temperature phenomenon which 
was theoretically and experimentally investigated by Stalder, 
Goodwin, and Creager (8). It was found by these authors that 
the equilibrium, or recovery, temperature of an unheated cylin- 
der in free molecule flow is greater than the stagnation temper- 
ature of the stream. In the present investigation, measure- 
ments were made of the wire recovery temperature in the 
range of Knudsen numbers between 0.4 and 3.0. These and 
previous data (1, 2) provide an accurate high Mach number 
relation between the recovery ratio (7.,,/7>) and Kn over 
the complete range from continuum to free molecule flow. 

At high Reynolds numbers, the heat transfer to the stagna- 
tion point of a blunt body may be accurately predicted using 
boundary layer theory. Recently, a considerable amount of 
attention has been given to the problem of determining ap- 
propriate corrections to the high Reynolds number, high 
Mach number boundary layer solutions which would ex- 
tend their validity to lower Reynolds numbers. The data 
obtained in this investigation, when combined with the re- 
sults of Laufer and McClellan (1), show the departure of the 
Nu-Re relation from the high Reynolds number correlation 
and the approach to free molecule flow for an infinite, con- 
ducting cylinder. 

In many physical situations, it is difficult to obtain precise 
data using standard pitot probes. Particularly in regions of 
low density, instrumentation sufficiently large to obtain re- 
liable results may introduce appreciable disturbances into the 
flow. Total temperature, mass flow, and velocity profiles in 
the wake of a transverse cylinder are reported to illustrate the 
use of the hot wire in such regions. By using both hot wire 
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and pressure measurements, the flow field was overdetermined, 
and this redundancy permitted an estimate of the accuracy of 
the hot wire measurements. 


Experimental Method 


The measurements were performed in Leg 1 of the GALCIT 
hypersonic wind tunnel at a nominal Mach number of 5.8. 
This tunnel has a 3-in. X 3-in. core of uniform flow. Other 
features of this facility are described in (9). The stagnation 
pressure was varied between 0 and 95 psig at a nominal stag- 
nation temperature of 226°F. Because of the tunnel wall 
boundary layer, the actual test section Mach number was a 
function of stagnation pressure. Using a 0.063-in. ID stain- 
less steel pitot probe, the Mach number was found to vary 
between 5.64 and 5.83, with a repeatability of +0.38%. The 
stagnation temperature was maintained between 223.5° and 
227.2°F and for each run was known to an accuracy of 
+1.5°F. 

Under certain conditions, free stream turbulence may affect 
the heat transfer rate measured by a hot wire. Demetriades 
(10) found that the free stream integrated rms mass-flux and 
temperature fluctuations in Leg 1 were on the order of 0.4%. 
The dominant turbulence scale, given by the velocity divided 
by the frequency, was on the order of 10% to 10* times the wire 
diameter, and by the criteria of (12) should have caused no 
measurable effect on the heat loss. Additional quantitative 
turbulence measurements are necessary before a similar state- 
ment can be made about the wake results. 

The detachable hot wire holders consisted of a conical brass 
body, a thin double wedge brass support blade, and two sew- 
ing needles to hold the wire. The needles were attached to 
and electrically insulated from the brass blade by epoxy 
resin; Fig. la illustrates the holder configuration. The com- 
plete hot wire assembly, including holder, sting support, and 
total pressure tube, is shown in Fig. 1b. The hot wire was 
soft soldered to the needle supports within 0.002 in. of the 
tips; a typical installation is shown in Fig. 2. Details of the 
electrical connectors and head assembly may be found in 
(10). 

A calibration oven was used to determine the temperature- 
resistance relation of the wires. Heat was supplied by a 
helically wound nichrome ribbon, and sufficient thermal lag- 
ging was used to make the temperature gradients within the 
oven negligible. An iron-constantan thermocouple placed 
0.25 in. from the wire gave the oven temperature. Measure- 
ments were made only when the oven had reached thermal 
equilibrium (temperature changes less than 0.2°F/min). 

The electrical instrumentation consisted 


Fig. la Hot wire holder 


of a precision — 
Leeds K-2 potentiometer accurate to one part 


in 5000, five 45-v dry cells to supply the wire current, and a 
variable series resistance for current control. Measurements 
of the potential drop across the wire and the standard 1-ohm 
resistor were made with the K-2 potentiometer, giving the 
wire current and resistance. All readings were corrected for 
the small line resistance between the hot wire and the po- 
tentiometer. During each series of measurements, the cur- 
rent was constant within 0.02%. 

To determine the Nusselt number and recovery tempera- 
ture of the wire, the voltage drop across the wire and across a 
standard l-ohm resistor was measured for several values of 
wire current. The resistance was then plotted against 7? to 
determine the slope and intercept at zero current (e.g., Fig. 
9). Extreme care had to be exercised in achieving constant 
tunnel stagnation temperature, since a change of 1°F was 
easily detectable in the R vs. 7? plot. 

In performing the wake test, a continuous curve of wire 
temperature vs. position in the wake was desired for a fixed 
wire current, and a Mosely Autograph z-y plotter was used 
for this purpose. The traverse mechanism was geared to a 
linear resistance coil, and a small constant current through 
this resistance created a voltage drop proportional to the 
transverse position. This signal and the voltage drop across 
the hot wire were the two electrical inputs for the plotter. 
Scale factors were obtained by measuring the voltage drop 
across the wire with the K-2 potentiometer at two known 


values of y/D. 


Wire Calibration and Annealing 


All data were obtained using 0.00010-in. diam Pt-10% Rh 
wire from a single spool. No attempt was made to measure 
the wire diameter directly, since it was felt that the manu- 
facturer’s* drawing procedures were of greater accuracy than 
any available optical measurement tec hnique. However, 
each wire was examined visually under a microscope to de- 
tect any macroscopic irregularities. The resistance of each 
wire was measured at several temperatures in the calibration 
oven. At the end of each series of runs, the wire resistance at 
room temperature was again measured; if the resistance had 
changed more than a few tenths of a per cent,. the data were 
discarded. The mounted wire resistance and length were also 
carefully measured and checked against the manufacturers 
quoted resistance of 11,580 ohms/ft at 68°F. The mean 


4Sigmund Cohn, Mt. Vernon, N. Y. _— 


ARS JourNAL 


» 
/ 
» 
> 
eas ee Fig. 1b Hot wire probe installed in tunnel 


deviation of the unannealed, installed resistance from this 
reference value was less than 1.0%, indicating high uniformity 
of the wire. 

Through prolonged use, the wire resistance increased be- 
tween 2 and 8%. Since it was necessary to limit the increase 
between successive calibrations to a few tenths of a per cent, 
several tests were conducted to determine the major factors 
involved. It was found that a large part of the resistance shift 
could be eliminated by heating the wire to a dull glow for 
several minutes prior to tunnel use. 

The largest wire resistance changes are associated with ex- 
posure to free stream pressure loads while the wire is at an 
elevated temperature; the wires experienced 1) large stepwise 
increases in resistance if the previous maximum temperature 
and pressure of operation were exceeded (deformation phe- 
nomenon); and 2) a much smaller increase, which was a func- 
tion of time (creep phenomenon). Fig. 2 shows a typical 
deformation caused by an overheat 7 of about 0.8 at 90 psig 
stagnation pressure. The creep phenomenon was negligible 
after the first few hours of tunnel exposure. 

Two factors limited the aspect ratio of the wires. First, it 
was found that wire curvature increased with aspect ratio. 
Second, for aspect ratios greater than 375, wires of 0.00010-in. 
diam were easily broken during the tunnel starting process. 
Since it was desired to keep the end loss corrections as low as 
possible, the range 320 < 1/d < 360 was chosen as an ac- 
ceptable compromise. 

The temperature coefficient of resistivity a, varied be- 
tween 0.88 and 0.93 (°F)! at 0°F, with a mean value of 
0.91. The measured resistivity coefficient a, was accurate to 
about 1.5% for each wire. Several tests indicated that the 
resistivity coefficient was not affected by tunnel exposure, 
provided that the wire had been initially annealed to a dull 
glow in still air. 

In (32), the correction factors for heat loss to the wire 
supports are derived. This analysis is carried through the 
support temperature as a free parameter and shows that for 
large end loss correction the support temperature has an im- 
portant effect on both the Nusselt number and recovery 
factor. Depending on the tip shape, thermal conduction, 
and free stream Reynolds number, the effective value of 
ns = (T./T») should lie between 0.85 and 1.0 and should vary 
with the wire attachment location. Since the recovery tem- 
perature correction was quite sensitive to 7,, a special test was 
conducted to measure this parameter (32). The value of 7, 
was found to be constant over the complete range of tunnel 

conditions encountered and equal to 0.903 + 0.005. This 
value is approximately equal to the calculated laminar 
boundary layer recovery factor for flow along the support 
needle downstream of the stagnation region. 


Data Reduction 


The largest portion of heat transferred from a blunt body 
is in the vicinity of the forward stagnation point. At high 
Reynolds numbers and Mach numbers, the appropriate tem- 
perature for evaluating viscosity and thermal conductivity is 
that existing behind a normal shock at the free stream Mach 
number. At low Reynolds numbers, a distinct shock wave 
does not appear; under these conditions, the results of free 
molecule theory (8) may be conveniently expressed using 
fluid properties evaluated at the stagnation temperature. In 
this paper, the heat transfer data are correlated using the 


Nusselt and Reynolds numbers : 
Nuo = (hd/ho) [ta] 
Rey = (p2Uad)/to [1b] 


where yo and ky are the air viscosity and thermal conductivity _ 
evaluated at stagnation temperature. This form offers dis- 
tinct advantages when the hot wire is used as a measuring 
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problem in more detail. 


Stream direction 


0.0342" 


0.0001" Dia. 
Pt.- 10% Rh. 


Needle supports 


Picture traced from optical comparator 
at 100x magnification. Wire diameter 
is exaggerated for clarity. 


Fig. 2 Typical hot wire installation after tunnel exposure 


= 
instrument in nonuniform flow fields.§ 

All hot wires of finite length lose a certain amount of heat 
to their supports. The quantity Nuo represents the heat 
transfer rate for a wire of infinite length and is related to the 
measured Nusselt number Nu,, by the relation 


1 2R m | 2 
— Toon) [2] 


Nup = Vy Nun = Vv | 


where Wy is the Nusselt number end loss correction factor, 
?R» the measured Joule heating, and (Ty, — Tawm) the 
measured temperature potential. Similarly, the recovery 
ratio nx for an infinitely long wire may be written 


CP Po) Venn = Wr(Tawm/T) [3] 


where Vz is the recovery ratio end loss correction factor. 

For high Reynolds numbers, the recovery ratio 7. = 
(T./To) has been shown experimentally to be a function only 
of Mach number (11); 7. decreases from 1.0 at M = 0 to 
0.95 for Mach numbers greater than about two. This behavior 
is explained by the well-known hypersonic freeze or Mach 
number independence principle, which recognizes that the 
viscous and inviscid flow fields become independent of Mach 
number if the Mach number is sufficiently large. For blunt 
bodies such as the cylindrical wire considered here, changes 
in the flow field are small beyond a Mach number of three (14, 
15). Avalue 7. = 0.950 was used as a reference for the present 
experiments and the data of Laufer and McClellan (1) and 
Sherman (2). Stalder et al. (5) found 7. = 0.96, and this 
value was used in interpreting their results. 

For free molecular flow, the heat loss and recovery tem- 
perature of an infinite, perfectly conducting cylinder with no 
radiative cooling are given in (8): 


Nuo = a Reo Pro 

y+1 
ny = Ta/To = (1 wr) [5] 
= V7/2M [6] 


where f(s:) and g(s:) depend only on the molecular speed ratio 
s, and the number of excited degrees of freedom of the 
medium. These functions have been tabulated (8) for both 
monatomic and diatomic perfect gases. As M — o, Eqs. 4 
and 5 approach the limiting forms 


Nuss = a ReoPro [4a] 


5 Morkovin (11) and Collis and Williams (13) discuss this 
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Fig. 3 End loss relations for Nusselt number correction 


As in the case of continuum flow, the Nusselt number and re- 
covery ratio become independent of Mach number as the 


Mach number increases. The fact that the recovery ratio in © 


continuum and free molecule flow obeys the Mach number in- 
dependence principle suggests that the normalized recovery 
ratio 


fix Nex — Ne 


is a unique function of the Knudsen number for M sufficiently 


large. 

All computations of flow properties were made using y 
7/s and the Sutherland viscosity formula. Values of air 
thermal conductivity were obtained from Hilsenrath and 
Beckett (16), and the wire thermal conductivity was taken 
from (17), with the data linearly extrapolated to the measured 
mean wire temperature. 

A derivation of the end loss corrections appropriate to 
transitional flow is given in (32). This analysis assumes that 
the wire temperature is radially uniform, wire resistance is a 
linear function of temperature, and the heat transfer co- 
efficient h = Nuo(ko/d) is constant over the wire length. For 
convenience, the supports are taken to be equal in tempera- 
ture, although this restriction is not essential. The Nusselt 
number correction factor may be written 


= ( i 
ty — € 


(1 + sé) 
whereas the recovery ratio end loss correction factor is given 
approximately by® 


Nm 


[8] 


[9] 


Here 7, is the normalized support temperature, 7, the meas- 
ured recovery ratio, and w a parameter that depends pri- 
marily on the wire aspect ratio and Nusselt number. The 
quantities [7/(t, — €)] and [w/(1 — w)] are given in Figs. 3 
and 4 as functions of two parameters 


Nun +3] [10] 
» = —(1/2)t,8 11] 


6 The quantity w is a weak function of overheat; this refine- 
ment is included in the analysis of (32). 
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Fig. 4 End loss relations for recovery temperature correction 
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The normalized quantity 7 represents the length-average wire 


temperature 
= - d& 
l J -1/2 ( To ) 


‘and t, is the value of as 1/d ~ o. The quantities ¢ and ¢, 
are defined by 


= 
t, = 


and s is a constant of order 1 (see Nomenclature). Since ¢ 
involves e, which in turn depends on ¢, an iterative method of 
solution is required (32). Even for large corrections, the 
iteration scheme rapidly converges to a unique value, irre- 
spective of the initial choice of €; one iteration on e€ will 
usually give values of Vy and WV, correct to three significant 
figures. 

The correction factor Vy does not depend strongly on over- 
heat. As ¢ decreases, both Vy and Vz depart from unity; 
from Figs. 3 and 4, it may be seen that the support tempera- 
ture parameter v plays a minor role in determining the end 
loss correction, although it must be considered if the correc- 
tions are large. 

For the present data, the measured value yn, = 0.903 was 
used with the measured values of 7,, and Nu», to compute the 
end loss correction. A slightly more complicated procedure 
was required in interpreting the results of Laufer and McClel- 
lan (1). In that investigation, the wire supports were 
equivalent to a two-dimensional wedge of 7° included angle. 
Using the observation that the support temperature is equal 
to the laminar boundary layer adiabatic wall temperature, 
n. could be calculated explicitly. Since Nu, was not known, 
an iterative computation process was adopted which used as 
input the known quantities 7., nm, and the wire Reynolds 
number Rep. With Rep known, Nup was taken from the heat 
loss correlation, and the value of Nu, was computed. The 
procedure for obtaining Nu» and 7» with Nuo and 7» known 
is analogous to the determination of Nuo and ny with Nun 
and 7m given. 

No correction was made to the data for radiation effects, 
since calculation showed that the error in both Nuo and 7, 
was less than one tenth of one per cent. The correction is 
roughly proportional to (7.‘/Nu) and may become ap- 
preciable for high overheats or extremely low Reynolds 
numbers. 

The raw data from the wake traverse consisted of a series 
of continuous curves of wire voltage vs. voltage output from 
the traverse mechanism. The voltage scale was established by 


— Nm 1 
Ns — Nm <K 1 
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two calibration measurements with the K-2 potentiometer 
at known values of y/D. Using this calibration, the wire re- 
sistance was computed for several representative stations 
within the wake. Fig. 9 shows the measured wire resistance 
as a function of wire current. 

Two thermodynamic measurements were obtained with 
the hot wire; these were [dR/d(7?)]:-o and the zero current 
intercept Rav. Pitot pressure and static pressure across the 
wake were also measured separately. Thus, the measured 
thermodynamic quantities were more than sufficient to 
specify the flow completely, and this redundancy permitted 
an estimate of the accuracy of the combined measurements. 

The static and pitot pressure measurements were obtained 
by John F. McCarthy Jr. of GALCIT. Free stream condi- 
tions for the hot wire and pressure traverses were 


Hot wire «6.74 9.0 1.75 X 104 
Pressure «6.74 9.0 2.60 x 10! 


Hot wire fluctuation measurements showed that the wake 
was laminar in both cases, and the assumption was made that 
the local pressure profiles were similar for the two tests. 
The Reynolds number effect is discussed more fully in a sub- 
sequent section.” 


Heat Transfer Measurements 


Fig. 5 has been prepared as a guide ™ the exper imental 
variation of Nusselt number as a function of Reynolds num- 
ber and Mach number in the range 0.2 < Rep < 100. In 
preparing the figure, particular weight was given to the cor- 
relation of McAdams (20) at M = Oand the results of Laufer 
and McClellan (1) and the present investigation of Mach 
numbers greater than two. Within the Reynolds number 
range 1 < Rey < 100, the data of Baldwin (21) and Cybulski 
and Baldwin (7) are representative of the information avail- 
able at subsonic velocity. Spangenberg’s data (Ref. 19, Fig. 
17c) show a similar Mach number variation for Reynolds 
numbers greater than one and far better agreement with 
(1,20) than the work of Baldwin. The cold wire data of 
Christiansen (22) at low Reynolds numbers are also in- 
cluded. These transonic measurements agree well with the 


7 Details of the computation procedure may be found in (32). 
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Fig. 5 Empirical correlation of hot wire heat transfer at low 
Reynolds numbers 


hot wire results for Rep <1 and provide a consistent set of 
measurements in the near free molecule flow regime. At low 
Reynolds numbers, the correlation would be changed con- 
siderably if incomplete accommodation were present. 
Theoretical studies are of limited use in preparing a heat 
transfer correlation. The solution of Cole and Roshko (23) 
for continuum Oseen flow agrees well with the experiments of 
Collis and Williams (24) at low Reynolds numbers. Levy 
(25) has considered the Oseen flow problem with tempera- 
ture-jump boundary conditions, and the results agree quali- 
tatively with the experiments of Cybulski and Baldwin (7) 
However, the velocities and Reynolds numbers covered by 
Oseen theory are quite small. Free molecule analysis has 
provided what appears from Eq. 4 to be a straightforward 
calibration for all flows where the Knudsen number is suf- 


_ ficiently high. The fact that the accommodation coefficient a 


‘is an arbitrary parameter has been a major weakness in all 
attempts to apply this theory to a given set of data. 

The heat transfer data obtained in this investigation are 
presented in Fig. 6. These data agree well with the measure- 
ments of Laufer and McClellan (1) at Reynolds numbers Reo 
greater than three. One may infer from this agreement and 
the Mach number independence principle that the solid line 
shown in Fig. 6 represents the Nuo-Rey relation for Mach 
numbers greater than about two. 

For comparative purposes, the results of free molecule 


theory (Eq. 4) and the extrapolated slope of the high Reynolds 


-number data are shown in Fig. 6. At high Reynolds numbers, 


9 
the Nusselt number becomes proportional to (Reo)!/?, whereas 


Nuo ~ Reo for Reo « 1. The present measurements asymp- 
totically approach the free molecule result with an accommo- 
dation coefficient a near unity. For the heat transfer tests 
in air and argon by Christiansen (22), Weltman and Kuhns 
(6), and Wong (8), an accommodation coefficient of unity 
represents the data within the experimental error. Experi- 
mentally, it has been found that surface conditions are of 
primary importance in determining the degree of energy 
accommodation (26); the presence of adsorbed gases on the 
body surface increases the accommodation coefficient. 

All data shown in Fig. 6 are based on the measured Nusselt 
number at zero overheat; the effects of overheat are dis- 
cussed in detail elsewhere (30, 32). In free molecule flow, the 
surface temperature enters the heat transfer relation only 
through its effect on the accommodation coefficient. If the 
accommodation coefficient were unaffected by surface tem- 
perature, the cold wire results of Christiansen (22) and the 
present measurements should agree closely, except for the small 
Mach number variation given by f(s:)/s; in Eq. 4. Fig. 5 in- 
dicates that the hot wire and cold wire data agree well up to 
a Reynolds number Rep of about one. 

For high Reynolds number flows, a large part of the heat 
transfer to the body occurs in the vicinity of the forward 
stagnation point. For a perfect gas, the heat transfer at the 
stagnation point of a cylinder in supersonic flow is closely 
represented by (27) 


= 0.06 
Nup 0.50 ~/Re, He 
Pr, Mo 


Eq. 12 indicates that the effects of overheat at high Reynolds 
numbers should be small over the range of conditions en- 
countered in the laboratory. 

Although no complete solutions are available for a cylinder 
in high speed flow because of the lack of an adequate theory 
covering the region of separation, many analyses are available 
for heat transfer near the stagnation point of a blunt body. 
It has been pointed out that both the hot wire data and the 
stagnation point boundary layer solutions exhibit heat trans- 
fer coefficients proportional to ~~ Rey at high Reynolds num- 
bers, and the behavior of the stagnation point solutions with 
decreasing Reynolds number should agree well with the hot 
wire measurements. 


[12] 
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Two recent investigations by Probstein and Kemp (28) 
and Van Dyke (33) have used the Navier-Stokes equations to 
describe the flow field near the stagnation point of a blunt 
body in hypersonic flow. These analyses show that conven- 
tional high Reynolds number boundary layer theory must be 
modified as the body Reynolds number is decreased. First 


boundary layer displacement, surface velocity and tempera- 


ture jump, and body curvature. For a cylinder, the vorticity — 


along the zero streamline is zero in the inviscid flow, so the 
vorticity effect on heat transfer is of second order. However, 
the boundary layer displacement and curvature effects both 
produce a first-order decrease in surface heat transfer, com- 
pared with the conventional high Reynolds number value. 
Slip effects would also decrease the heat transfer rate. Prob- 
stein and Kemp (28) have proposed a merged layer analysis 
based on continuum relations for the range 30 < Reo < 100. 
The results agree qualitatively with the present measure- 
ments. 

The slope of the Nup-Rep relation is a quantity of con- 
siderable interest. The exponent n in the relation 


Nuo ~ Reo” 


correlates the results of several independent investigations 
better than the absolute magnitudes of the observed quanti- 
ties. In Fig. 7, the exponent n is shown as a function of 
Reynolds number and Mach number for several investiga- 
tions. The present measurements and those of Laufer and 
McClellan (1) were used for M > 2, whereas selected results 


[13] 


of Christiansen (22), Cybulski (7), and Baldwin (21) are shown 
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for M <1. At high Reynolds numbers, the exponent n is 1/9; 
in the limit of Kn — , the free molecule relation, Eq. 4, 
shows that n = 1. A third relation, derived from the Oseen 
solution of Cole and Roshko (23), is applicable when M/Re 
« 1 and Rep « 1; in this instance, the exponent is of the 
form 
n= - 

log (8/ReoPro) we 


Collis and Williams’ (24) experiments agree very well with 
Kq. 14 for 0.01 < Rey < 0.3. 

At high Mach numbers, the exponent n is seen to vary 
monotonically between the continuum and free molecule 
values of 1/2 and 1. The measured slope begins to depart 
from the continuum value at a Reynolds number Reo of 
about 200 for an insulated wire. A comparison between 
Christiansen’s data (22) and the present measurements indi- 
cates that the departure from the continuum heat transfer law 
occurs at a slightly lower value of Reo,if the wall is highly 
cooled; this may be explained by the fact that a cool wall 
decreases the boundary layer displacement effect at a given 
Reynolds number. From boundary layer theory, q ~ 
(D/2)~-/2, where D is the diameter of the cylinder. If the 
boundary layer displacement thickness is not negligibly 
small, then g ~ [(D/2)(1 + 28*/D)]-'/*, and an increase in 
the displacement thickness (i.e., an increase in the wire tem- 
perature) would tend to decrease the heat transfer rate to the 
body. 

Willis (29) has treated several problems in the near free 
lecule regime using an iterative solution to the integral 
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form of the Boltzmann equations. This approach is equiva- 
lent to the so-called first collision theory if only the first iterate 
is considered. Willis’ results for a two-dimensional strip 
normal to a rarefied flow should be identical in form to the 
solution for a cylinder normal to the flow. By writing a heat 
balance for the body, the resulting equations may be solved 
for the departure of the Nusselt number and recovery tem- 
perature from the free molecule values as a function of the 
free stream Knudsen number. The results may be expressed 


as (a = 1) 
Nupo 
=] 
> 
[16] 
(Tov) free molecule 1 + px 
[18} 
Qis 


Here N; is the incident molecular flux, Q; the incident 
energy flux, and (_ ), indicates the value for 1 ~ 0. Willis has 
tabulated values of y and x for a two-dimensional strip and a 
monatomic gas. The value of these quantities would be 
slightly different for a cylinder. as 
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Fig. 7 Slope of Nusselt number-Reynolds number relation 


Willis (29) found that Y and x depend on the molecular 
speed ratio, the body temperature, the molecular model, and 
the number of degrees of freedom of the g y and x are 
weak functions of the body temperature i the overheat 7 is 
small; the results are more sensitive to body temperature at 
higher values of the molecular speed ratio s;. For an insulated 
strip and s; ~ o, y = 0.42 and x = 0.11 for the modified 
Krook molecular model, whereas Y = 0.78 and x = 0.48 if 
the hard sphere model is used. From Eq. 15 it may be seen 
that the departure of the Nusselt number from the free 
molecule result is a strong function of the molecular model 
employed. Eqs. 15and 16 agree qualitatively with the present 
experiments if y > x > 0. 
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Several interesting conclusions may be drawn from the 
above analysis. First, the small parameter in near free 
molecule flow for a two-dimensional body is (1/Kn) log (1/Kn) 
rather than the quantity 1/Kn, which pertains to axisym- 
metric bodies. Thus, the range of validity of the two-dimen- 
sional analysis is restricted to Knudsen numbers higher than 
the axisymmetric counterpart. Second, for viscosity pro- 
portional to (7)'”, Kn ~ (1/Reo) at high Mach number, and 
the analysis predicts that the Nuo-Rep relation at high Knud- 
sen numbers should, as expected, become independent of 
Mach number. 


Recovery Temperature Measurements 


In the transitional regime, the measurements reported in 
(1, 2) indicated that at Knudsen numbers of about 0.1 the re- 
covery temperature begins to rise above the high Reynolds 
number value, whereas at Knudsen numbers greater than 10, 
the full temperature rise predicted by Eq. 5 is attained. 
However, at Knudsen numbers of about one and at roughly 
the same Mach number, the two investigations reported sig- 
nificant differences in the recovery factor. 

The present investigation was undertaken in an attempt to 
resolve this apparent discrepancy and at the same time pro- 
vide additional recovery temperature data for use in steady- 
state hot wire work. The results are shown in Fig. 8, using the 
normalized recovery ratio 7, and the free stream Knudsen 
number as parameters. Fortunately, the recovery tempera- 
ture for a cylinder is independent of the accommodation co- 
efficient (provided that the wire is infinitely long) and rapidly 
approaches an asymptote as the Mach number increases. 
Therefore, since 7, = 0 for nx = y- and jy = 1 for ny = n;, 
all investigations should agree at least in these two limits. 

The shaded area representing the data of Laufer and Mc- 
Clellan defines the limits of experimental scatter of nearly 100 
separate measurements made over a large range of Mach and 
Reynolds numbers. Considering the range of parameters 
studied, the data are extremely consistent. However, the 
aspect ratios of the wires used in their recovery temperature 
study were on the order of 200, and at the highest Knudsen 
numbers these wires were subject to significant end losses. 
Several representative data points were corrected for support 
conduction and plotted in Fig. 8. 

By combining the corrected data of (1), the results of Sher- 
man (2), and the present measurements, a continuous transi- 
tion of the normalized recovery factor is obtained between 
continuum and free molecule flow. From a consideration of 
the Mach number independence principle, this curve should 
be valid for all Mach numbers above approximately two. 
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9 Data obtained from cylinder wake traverse 


Considering the sensitivity of the normalized recovery ratio to 
experimental error, the correlation appears to be very good. 
At lower Mach numbers, the 7,(Kn) correlation should show 
a dependence on Mach number. 

The behavior of the 7,(Kn) relation at small Knudsen 
numbers agrees qualitatively with the results of Probstein 
and Kemp (28). In the incipient merged layer analysis, they 
find that the gas temperature at the stagnation point of a 
blunt body becomes greater than the free stream stagnation 
temperature in the low Reynolds number continuum range. 
For large Knudsen numbers, Eq. 16 predicts that the re- 
covery temperature will fall below the free molecule value if 
w > x; the experimental data shown in Fig. 8 indicate that 
for a circular cylinder and a diatomic gas, Y and x are nearly 
equal. 


Application of the Steady-State Hot Wire to 
Wake Measurements 


The number of investigations using the hot wire in a re- 
dundant measurement scheme is quite small, and conse- 
quently it was decided to perform an illustrative experiment 
involving four measured quantities, two of which were ob- 
tained from a hot wire operated in the transitional regime. 
The wake of a cylinder traverse to a hypersonic flow was 
chosen both because its flow field was amenable to hot wire 
and pressure measurements and because of current interest in 
the thermal wakes of hypersonic blunt bodies. 

The wire used in this experiment had an aspect ratio of 311 
and a, = 0.93. The measured variation of wire resistance 
with 7? is shown in Fig. 9. It may be seen that the instrument 
sensitivity was quite sufficient to pick out small differences in 
the R vs. 7? relation. This property is absolutely essential 
for quantitative interpretation. 

The following groups of variables were chosen to repre- 


sent the data: 
_ | dk 
Group I: » Rawm, 
Group II: pe, p, Ruvm 


The distributions of flow quantities across the wake were 
computed (32) using the measurements of Group I and Group 
II in independent calculations. Thus the agreement between 
the results of Group I and Group II provides a measure of the 
accuracy of the combined measurements. 

Fig. 10a shows the results of the stagnation temperature 
calculation. TT)’ is the measured stagnation temperature at 
the outer edge of the mixing layer.’ Results for the several 
representative stations are shown first as uncorrected data, 
ie., the temperature one would calculate using only the zero 
current intercept of Fig. 9 and the wire resistivity coefficient. 
The wire was subject to end loss effects, and by using Figs. 
6 and 8 and the derived end loss corrections, an iteration was 
performed to find the true value of 7). Only three iterations 
were required to obtain convergence. 

Qualitatively, the behavior of (7)/7o’) is similar to that ob- 
tained in a high speed boundary layer (1) with Prandt] number 
less than one. Because of laminar shear and heat conduction 
processes, the centerline Mach number for this particular 
streamwise station was about */; of M’, and the centerline 
stagnation temperature was about 0.96 of To’. The two values 
of 7)’ agreed within 0.14% and were 2% lower than the 
free stream stagnation temperature. This result agrees well 
with the postulate of isoenergetic flow everywhere outside the 
viscous mixing region. = 


* Quantities without superscripts are functions of distance 
from the wake centerline, whereas ( )’ signifies the measured 
value at the edge of the mixing region. 
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The local mass flow in the wake is shown in Fig. 10b. For 
purposes of comparison, the uncorrected hot wire data are 
also shown; the quantity R..(dR/di*)~ is directly propor- 
tional to the local mass flow (pu) if end losses are negligible. 
Since the end loss correction increases with decreasing (pu), 
the uncorrected mass flow is higher than the final corrected 
value based on the measurements of Group I. 

The agreement between the two values of (pu/p’u’) com- 
puted using Group I and Group II is good. The differences 
between the two curves are primarily due to the different 
cylinder Reynolds numbers for the hot wire and pressure 
tests. Subsequent pitot pressure data have indicated that 
the higher value of (pu/p’u’) at the wake centerline obtained 
with Group II is caused by the higher value of Re,» for the 
pressure measurements. At the edge of the wake, (p’u’) for 
Group I was 0.85 of (p’u’) for Group II. Taking this Reynolds 
number effect into account, the absolute values of (pu) from 
Group I and Group II were found to agree within 7% through- 
out the mixing region. The small differences between the two 
values of (T/T7’) shown in Fig. 10a are also attributable to the 
differences in Reap. 

The velocity defect in the wake mixing region is shown in 
Fig. 10c. The agreement between the hot wire and pressure 
measurements is seen to be excellent and verifies the fact 
that the differences shown in Figs. 10a and 10b are due to 
differences in Rew.p; for 2/D = 9 and these Reynolds num- 
bers, the wake is laminar and the velocity defect [(u — ug) 
(u’ — ug)] should show little dependence on Re «,p. 
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Additional Nomenclature 


Cp = specific heat 

d = hot wire diameter 

i = wire current 

= wire thermal conductivity at temperature 

l = wire length 

p = static pressure 

Pt = pitot pressure 

q = heat transfer rate per unit area 

R= wire resistance 

t = nondimensional temperature, = 
0 

Ua = free stream velocity 

x = distance from cylinder axis in streamwise direction _ 

y = distance from cylinder axis in transverse direction 

Z = distance along wire 

6* = boundary layer displacement thickness 

€ = recovery ratio parameter, 7x — 1m 

¢ = end loss correction parameter, Eq. 10 

Ne = experimental recovery ratio for continuum flow 

ny = theoretical recovery ratio for free molecule flow, Eq. 5 

rm = viscosity; also (2/+/7)(1/Kn) log (1/Kn) in near free 
molecule flow analysis 

p = density 

x = dimensionless quantity in near free molecule flow 
analysis, Eq. 18 

y = dimensionless quantity in near free molecule flow analy- 
sis, Eq. 19 

( )» = reference temperature 7’; 

( )» = support temperature 7’; 

( )w = wire temperature 7, 
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A When a current pulse is sent down a helical transmission line, the radial component of the fring- 
ing magnetic field acts like a piston on plasma ahead. 
sulting velocity and pressure of the plasma. The principal assumption is that leakage of the plasma 
through the magnetic piston is negligible. The analysis is based on the simultaneous solution of 
the transmission line equations, the conservation of energy, and the normal shock relationships. 
The analysis involves only algebraic equations, even though the usual simplifying assumption that 
the magnetic pressure equals the plasma pressure is not made. It is shown that the piston is 
always slowed down by the presence of the plasma. The distribution of the energy supplied to the 
device is traced. The results of the analysis are applied to a ty pane design pr problem. 


This study leads to expressions for the re- 


since the eeaiibibins force arises 


in contact with the hot gas, 
from currents induced in the plasma. 
Conceptually one of the simplest methods for producing a 


MIPE is by means of a pulsed transmission line. A helical 
conductor is wrapped around a plasma duct, and capacitors 
are distributed along the turns of the helix (Fig. 1). A current 
pulse is sent down the line. The radial component of the 


fringing magnetic field associated with the pulse acts like a 
vi 
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Fig. 1 Transmission line and wave forms 


piston, since ring currents are induced in the plasma when it 
tries to slip through the fringing field. If the magnetic piston 
is reasonably hard to leakage, the device acts like a mechanical 
piston driving a shock ahead of it. The speed of the piston is 
matched to the desired plasma velocity by distributing the 
appropriate capacitance per unit length along the line. The 
device can be operated either with the distributed capacitors 
originally charged (pulse initiated by shorting the input end) 
or with the capacitors originally uncharged (pulse initiated by 
applying a voltage to the input end). 

The shock wave that the piston drives in the gas is not 
shown in Fig. 1. There are two current fronts, one moving 
behind the plasma with velocity u and the other traveling with 
velocity u, in the annular sheath between the plasma and the 
coil. The front moving behind the plasma provides the piston 
action. The sheath front, which corresponds to a refracted 
wave in the initial transient establishment of the piston, must 
always be present, even if the cross-sectional area of the sheath 
approaches zero. 

This paper is a study of the interaction between the trans- 
mission line and the plasma. The interaction can be sepa- 
rated into two problems: 1) leakage of the plasma through 
the fringing field; and 2) effect of the plasma loading on the 
piston velocity. In the present analysis only problem 2 is 
studied. Problem 1 is obviated by assuming that leakage is 
negligible, i.e., that the piston velocity equals the plasma 
velocity, an assumption that could be reasonable considering 
the high magnetic Reynolds numbers involved (1, 3). The 
true leakiness of the piston is being determined by other 
theoretical and experimental programs that are now in 
progress. 

Other assumptions in the analysis are that the transmission 


line is infinitely long, that the slug of shocked gas is infinitely 
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long,* and that ohmic dissipation losses in the plasma and 
coil are negligible. The helix of the transmission line is al- 
lowed to have an arbitrary number of identical strands in 
parallel, and, whereas mutual inductance effects between 
the various strands are included, the mutual inductance be- 
tween the turns of any one strand is assumed to be negligible. 
The transmission line is permitted to have any diameter 
equal to or greater than that of the plasma. 

The analysis involves the simultaneous solution of four 
basic equations: 1) the conservation of current across a 
wave front in a transmission line; 2) Faraday’s law of induc- 
tion applied to such a wave front; 3) the conservation of 
energy for the transmission line pushing on the plasma; and 
4) the normal shock relationships. The two methods of 
operation previously mentioned, i.e., capacitors originally 
charged and capacitors originally uncharged, are both treated. 

The principal aim of the analysis is to determine the 
velocity that results when the transmission line pushes on 
the plasma. Once the velocity is known, other useful parame- 
ters, such as the plasma pressure and the distribution of the 
energy supplied to the device, are readily computed. The re- 
sults of the analysis can be applied to design problems of in- 
terest. One such numerical calculation is performed. For a 
particular choice of design parameters, i.e., for a particular 
gas, tube diameter, capacitance per unit length, and charging 
voltage, calculations are performed to find the pressure, 
velocity, fraction of the energy imparted to the plasma, frac- 
tion of the energy converted to magnetic energy, etc. 


Line Originally Charged 


The helix of the transmission line is allowed to have A 


_ identical strands in parallel. In the analysis, a bar under a 


quantity will indicate the value for a single strand of the A 
strands. For example, C is the total capacitance per unit 
length of the transmission line, whereas C = C/d is the 
capacitance per unit length per strand. 

The conservation of current across an arbitrary right- 
running wave front moving at constant velocity u in a trans- 
mission line gives 


AT tront —CUAV tront [1] 


As seen from Fig. 1, Eq. 1, when applied to each of the two 
wave fronts for the case of line originally charged, gives 


= —Cu(Vo + AV.) [2] 
and 
= Cu, AV, [3] 


Faraday’s Law of Induction specialized for right-running 
constant velocity wave fronts of arbitrary shape yields‘ 


AV tront = —Un A@tront [4] 
Applying Eq. 4 to the two wave fronts gives 


3 This is a nontrivial assumption, since it guarantees that the 
wave traveling in the sheath will never catch the shock front. 
If the sheath wave passes the shock front, magnetic field will then 
fill the tube ahead of the plasma with the catastrophic result that 
there is now no net force on the plasma. It is possible to make 
the sheath velocity less than the shock velocity, but only at the 
expense of large energy loss into the magnetic field of the sheath. 

4Kq. 4 follows from Faraday’s Law written in the form 


S fi d(x — ut)ndx 
circuit ot J front 


d¢ 

where / is distance along a closed electrical path that encompasses 
the wave front, i.e., along a single strand plus its return, and 
¢(z — ut) is an arbitrary wave function representing the total 
magnetic flux due to all \ strands. 


and the relationship 
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Vo + AV, = —unAgtront 1 = [5] 
AV, = = —und [6] 


Since ¢ and ¢, are uniform, ¢ = AB and ¢, = A;B,, where A 

is the cross-sectional area of the coil, B the uniform magnetic 

field strength behind the piston, A. the cross-sectional area of 

the sheath between the plasma and the coil, and B, the uni- 

form magnetic field strength in the sheath. Eqs. 5 and 6 

combined thus yield 
Vo 


> 


unAB + (u, — u)nA,B, 


[7] 
The uniform magnetic fields are related to their respective 

currents by the solenoid relations 


The velocities uw and u, are the regular transmission line 
phase velocities for a single stranded helix, without and with 
a perfectly conducting core. These velocities are related to 
the corresponding phase velocities for a multistranded helix, 
Up and u,, by uw? = Aue? and u,? = Au,”. Eq. 12 thus becomes 


“) Vo 
AV [13] 


Eq. 13 can be used with Eqs. 2, 3, 8, and 9 to obtain ex- 
pressions for J, J,, B, and B, in terms of u. When all of these 
are substituted into Eq. 10, the electrodynamic relationship 
between p and wu? is obtained as 


B, = pAnl, 9) 1+ (1 Uo? 
Since ohmic dissipation losses are being ignored, the = = A ia =. u 
equation for the case of capacitors originally charged will _ Wo Sic ee U2 u \2 
simply relate to net change of stored electrical energy in the Us* 
condensers, the production of magnetic energy, and the work (14) 


done on the plasma. 
nique to Fig. 1 yields 


(1/2) = (1/2)C(Ve + AV.)%(us — u) + (B2A/2u)u 
+ — u) + pAul[l — (A,/A)] [10] 


where p is the plasma pressure behind the shock and u the par- 
ticle and piston velocity. 

It is assumed that the gas is singly ionizable. Moreover 
the shock velocities of interest in plasma propulsion are suf- 
ficiently high so that the shocked gas can be considered com- 
pletely ionized. The normal shock equations then yield to 
better than 0.1% accuracy a linear relationship between p 


and wu? of the form ya 


where if the unshocked gas is monatomic 


p= B 


9 
3RT, 


and if the unshocked gas is diatomic 


28p1 


7 ( 


R 


+2 


Eqs. 2, 3, 7-11 are seven equations among the seven un- 
knowns: J,, J, u, AV, B, B,, and p. The first six equations 
will be combined to give an electrodynamic relationship be- 
tween p and wu? which can be solved simultaneously with the 
hydrodynamic relationship, Eq. 11. 

Combination of Eqs. 2, 3, 7-9 together with the definitions 


= 


= 


— [1 — (u?/w?)] Vo 
~ — [u/u? + u 


[12] 


5 Consistent with the high magnetic Reynolds number assump- 
tion, the skin depth in the plasma along the sheath is taken to 
be small. 
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Application of the control volume tech-— 


It is interesting that \ does not appear explicitly in Eq. 14, 
the form of the relationship thus being the same as for the 
single-stranded transmission line. Of course, the equation 


is not independent of \ since 


= 
= 

A special case worth noting occurs when the internal diameter 

of the duct coincides with the diameter of the coil; that is, 

when the sheath area A, approaches zero. For this case we 

obtain a much simpler equation, letting u, ~ © in Eq. 14, 


Uo? 


Wo 
Eq. 14, the electrodynamical relationship between p and v?, is 
solved simultaneously with the hydrodynamic relationship 
Eq. 11 to complete the solution. The resulting equation is 
somewhat cumbersome and will be omitted. 

It is interesting to trace the energy transfers in the device. 
The net rate of energy disappearance from the capacitors P. 
divides as power to the plasma P,, to the pushing magnetic 
field Pm, and to the sheath magnetic field P,. The nondimen- 
sionalized expressions for these powers become 


[15] 


— 
Uo? Uo" 
~ Up? u Uy? 
P, _ pA Uc? [17] 
Us, = 
(1-5) 
U Us Uo 


Eq. 16 equals the sum of Eqs. 17-19. Thus division of each 

of the latter three equations by Eq. 16 give the fractional dis- 

tribution of the energy. © 


> 
and 
iw 
i 
[11] 
toe 
>. 
. > 
gives 
wile 
» 
= 
= 


Line Originally Uncharged 


Analogous expressions exist for the mode of operation in 


which the capacitors are originally uncharged and the pulse is 
initiated by applying a voltage to the input end. 
Eq. 1 is unchanged. Eq. 2 becomes 


[20] 
Eqs. 3 and 4 are unchanged. Eq. 7 becomes 
Vo = —unAB — (u, — u)nA,B, [21] 


Eq. 8 and 9 are unchanged. The energy balance, Eq. 10, is 
considerably altered, since now external power is being sup- 
plied nae device. The appropriate expression is 


= (1/2)CVo’u + (1/2)CAV.27(u, — wu) + 


2 2 
| —u)+ pAu (1 [22] 


Eq. 11 is unchanged. Eq. 13 


5) 
Uo" 

8 0 
The final result i that Eqs. 14 and 15 are unchanged. Thus 
the plasma velocity and pressure are the same with either 
mode of operation. 

In computing the power distribution, an additional term 
for the ease of line originally uncharged must now be con- 
sidered: namely, the external power supplied, P. = —Vol. 
The following expressions are obtained: 


% 


[23] 


P. 
Wou u ue [24] 


2\2 
Us Uo 


Eq. 24 equals the sum of Eqs. 25-28. The energy fraction 
transferred to the plasma per shot equals P,/P.. For the 
special case of A, = 0, this ratio is particularly simple, viz. 


1 
29] 


It follows that, in this case, at most 50% of the energy can be 
transferred to the plasma per shot 


= 
Required Velocity Inequalities _ 100 150 200 


There are three velocities in the problem: the plasma and 
piston velocity u, the unloaded transmission line > velocity Uo, 


P 
Woui Wo Us? 
u 2 
Wou 
Us 
Uo [28] 


eee and the velocity of wave propagation along the sheath w,. 


Since A > A,, it is evident that uw < u,. It remains to be 
shown that.u < w. 

With either mode of operation, Eq. 14 shows that for p > 0 
it is necessary that the following inequality be satisfied: 


2 Z 
u? 4 
Uo u 
u \2 < 
Uo* Us 


where the top inequality sign is applicable if u < uo and the 
bottom inequality sign is applicable if u > wu. 


u, cm/psec 


Fig. 2 Simultaneous plots of Eqs. 11 and 14 for a typical design 
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Fig. 3 Computed performance for a typical design 
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Fig. 4 Distribution of energy for a typical design 


The above inequality reduces to the simple relationship 
Up S Us 


Since the top inequality is true and the bottom one false, it 
follows that u < up. This means that the piston always 
travels slower when plasma is present than when no plasma 
is present. 


Numerical Example 


The results of the analysis will be applied to a typical de- 
sign problem of interest. Select the following values for the 
using MKS units: 


n = 


= 2.5 4 104 @4 


‘ead | 


Wo = 4.09 X 10% joules/m 
= 1.12 X 10° m/sec 


us = 1.86 X 105 m/sec 


In addition, choose Hz gas with T; = 300°K. Let p vary 
through the range 754 Hg < pi < 250u Hg. The parameters 
a and @ are given by a = 1.41 X 1077 p, and B = 1.08 X 10? 
71, Where p; isin w Hg. Finally, specify the mode of operation 
to be the one for which the capacitors are originally charged. 

The results are given in Figs. 2, 3, and 4. Graphs of Eqs. 
11 and 14 are shown in Fig. 2. Eq. 14 is labeled the load line, 


It follows that 


particular initial pressure. 


whereas the solutions of Eq. 11, corresponding to various 
initial pressures, are labeled as shock lines. The intersection 
of the load line and a shock line gives the solution for the 


The resulting solutions for p and u as a function of p; are 
given in Fig. 3. The slip ratio, also plotted in Fig. 3, is a 
rough measure of the piston hardness to leakage across mag- 
netic field lines. It is defined as the mean velocity of the 
plasma relative to the piston divided by the absolute piston 
velocity, and it has been computed by means of the order of 
magnitude analysis described in (3). The slip ratio used here 
is not necessarily indicative of the true piston hardness, since 
only one form of leakage has been considered. 

The distribution of the energy is shown by the cumulative 
diagram, Fig. 4. The fraction of the energy going into the 
sheath field is seen to be very small. On the other hand, a 
large fraction of the energy goes into the pushing magnetic 
field. Evidently if the pulsed MIPE is to be practical, a way 
must be found to recover this energy. On the assumption 
that it is recoverable, an efficiency for the device can be de- 
fined to equal P,/(P, + P;). A plot of this variable is also 
shown in Fig. 4. 

It is worth noting in Figs. 3 and 4 that decreasing the pres- 
sure has a favorable influence on both the slip ratio and the 
efficiency. 
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Nomenclature 


a = speed of sound 

d = internal diameter of plasma duct 

E = electric field strength 

I = current 

l = circuit length coordinate 

n = coil turns per unit axial length 

p = gas pressure 

R = universal gas constant 

T = temperature 

t = time 

V = voltage 

= axial length coordinate 

Wo = (1/2)CV.? = condenser energy per unit length 

a = parameter 

B = parameter 

= permeability 

= magnetic flux 

x = ionization energy " 

= dissociation energy 

( ): = property of the unshocked gas 

( = property associated with the sheath 

(—) = property associated with a single strand or with a 
single stranded coil 
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Three-Dimensional Optimum Thrust 
‘Trajectories for Power Limited 
Propulsion Systems 
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- 
Pace ali 
e- The three-dimensional equations for optimum variable thrust with power limited propulsion 


§ systems are presented. 


An iterative routine for solving the two-point boundary value problem has 


been coupled with these equations to obtain numerical solutions for specified end conditions. A 
set of interplanetary rendezvous trajectories to Venus and Mars is presented, and the effects of 


rsa 


OR THE past few years mission feasibility studies and 
trajectory analyses have been conducted to assess the 
payload capabilities of power limited advanced propulsion 
vehicles for various interplanetary missions. This paper 
describes one type of optimum thrust program for power 
limited propulsion systems which is currently being used in 
these studies. 
The power limited propulsion system is constrained in the 
amount of kinetic power contained in the exhaust propellant. 
By a consideration of the energy and momentum equations, 


a rocket equation suitable for such a system is obt ained. This 
is given by _ 
1 1 
=— It 
m mM + 2P (1) 


where mo and m, are the vehicle masses at the beginning and 
end, respectively, of the flight, a is the thrust acceleration, 
and P the power expended in the rocket exhaust. The ex- 
haust power is determined by the power rating of the power 
plant carried by the vehicle and by the efficiency of conver- 
sion by the propulsion system, which is generally dependent 
on the exhaust velocity. The final vehicle mass depends on 
the value of this integral, which in turn depends on the flight 
time, the mission involved (namely, the specification of the 
kinematic conditions of the vehicle initially and terminally), 
the force field in which the vehicle travels, the nature of the 
thrust program used to accomplish this mission, and finally, 
the engineering design of the propulsion system. This 
integral is analogous to the concept of incremental velocity 
in a chemical rocket and is useful in payload optimization 
studies. 

For the preliminary mission feasibility studies, it is de- 
sirable to employ optimum thrust programs whic h exclude 
the complexity imposed by the engineering design but which 
bracket or isolate that class of trajectories and vehicle per- 
formances which an actual vehicle would be capable of 
achieving. 

One such thrust program, which partially fulfills this need, 
is obtained by satisfying the criterion that the quantity 

a’dt is a minimum using an unconstrained thrust magni- 
tude and direction. The justification of this program is 
based on the fact that over a wide range of specific impulse, 
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_ orbital inclination and eccentricity are assessed. 


but excluding lower values, the power conversion efficiency 
of the propulsion system is nearly constant, thus allowing the 
removal of P from the integral. Since the thrust is un- 
constrained, this program yields the absolute minimum that 
ti 
a?dt may have for a given mission and therefore leads to a 
somewhat optimistic estimate of vehicle payload.? 
The equations of motion of a vehicle in a conservative force 


field may be written in vectorial form as 7 
= 


r+vvV 


where r is the position vector and V the potential in this 


—a=0 


force field. The minimization of 4 a’dt may be accom- 
plished by calculus of variations methods in which this integral 
is minimized subject to certain constraints, namely, the 
equations of motion and the initial and terminal kinematic 
conditions specified by the mission. 

For the variable thrust program, it may be shown (1-3)? 
that the thrust acceleration equations _— must be satisfied 


a’dt are 


as necessary conditions for minimum f 
Lagrange equations 


a+ (a-V)VV = [3] 
Since V is not an explicit function of time, these equations 
admit a first integral in scalar form which may be expressed as 
a-r — (1/2)a* + a-VV = const [4] 

The present studies employ an inverse-square central force 
field model in three dimensions.. Because of the spherical 
symmetry of this problem, it is advantageous to express 
these equations in spherical coordinates. This coordinate 
system and the direction of the basis vectors are illustrated 
in Fig. 1. The state variables for this formulation are r, 
6, d, u, he, and hg, where wu is radial velocity, and hg and hg 
are the components of angular momentum per unit mass. 
The control variables are a,, ag, and ag. After some manipu- 
lation it may be shown that Eqs. 2 and 3 may be expressed 


as 


u — (h?/r*) + =O [5] 


2 For a comparison of this program with a constant thrust 
program, consult Ref. 3 
3 Numbers in fas ae indicate Reference es at end of paper. 
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where h is the angular momentum per unit mass of the vehicle 
and yu the gravitational constant of the central body. The 
quantity F(t) is an auxiliary variable, essentially one of the 


: ind? i Lagrange multipliers that could not easily be eliminated. 
a 2 re i The constant K, is a constant of integration resulting from 


the cyclic nature of the variable 6. Eq. 4 becomes 
he F(t) 


2h, tan ¢ tan 


The quantities K, and K, are the only constants of motion 
which have been found. Eq. 16 is not used in numerical 
integrations because of the a,r term, but it is useful in check- 
ing the accuracy of the numerical integrations of Eqs. 5-15. 
It may be easily verified that these equations reduce to those 
contained in (1) upon reduction to two dimensions. 


1 
mp Fig. 1 Spherical coordinate system 
; aie The kinematic variables in most missions are specified at 
a : y ! 7 the initial point of a trajectory, and in a final trajectory de- 
sign the terminal values are usually specified. In a pre- 
liminary study, however, it is advantageous to let certain 
Ts u-—-r=0 i [6] terminal variables be free in order to optimize the trajectory 
with respect to certain criteria such as payload capability, 
— (h tan + ra, = 0 communication distance, and error sensitivity. 
pam he + (heh, tan ¢/r?) — rag = 0 [8] In planetary rendezvous missions, six terminal quantities 
bu. : ae must be specified. It is convenient to group these into five 
i. hg t+ ro = 0 [9] quantities that determine the shape and orientation of the 
hy — cos = 0 (10] terminal orbit and one quantity indicating the rendezvous 
’ 7 me ame position on the orbit. These quantities are the energy per 
h? = hg? + he? 4 [11] unit mass /#, the angular momentum per unit mass h, the 
3a, Our tan ¢ orbital inclination 7, the argument of perigee w, the longitude 
heF(t) = 0 12] 
cos 
Ahea, 2h 
r 
2he Kyhg sin 
— (2-4) — ————_- = 0 14 
d h tan 
kK, 
Table 1 Useful combinations of rendezvous terminal conditions and corresponding transversality relations® 
I II Ill IV 
1 8B E =E, 
2h =h, h=h h h =h, = 
3 i =i, i =i, i mi, 
4w=wo, wo = w, wo = 2 =Q, 
5 =Q, Ki M =0 
Kihe Kihe 
6 A => = 


* The subscript s denotes a specified terminal value. 


M(t) 
N(t) = 


and will be recognized as components of Eq. 16. 


The functions M and N are given by 
= 24,7 + (2a,/r®)(ur — 
[2hg(a-h)/r*] tan ¢ + (heF(t)/r?) 
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Fig.3 Venus three-dimensional optimum rendezvous trajectory, 
ecliptic projection 


hs 

of the ascending node Q, and the angle from the line of nodes 
to the rendezvous point y. The angular quantities are ex- 
hibited in Fig. 2. These quantities are expressed in terms of 
the six kinematic variables through the relations 


E = (1/2) [7 + (h?/r?)] — [17] 
» 
ht = he + he? [18] 
cost = hg cos o/h ([19] 

w = — sin! {hr/pye) 0O<w< 2r [20a] 

1 h? 
 w=y-—cos! 0<w< 2nr [20b] 

ur 


—hg sin 6 — hg sin } cos 6 


sin Q = 0<Q<2r [21a] 
sin 

—hg cos + hg sin sin @ 0<2<2n [21b] 
h sin 

sin = sin ¢/sin 7 [22a] 

cos = —heg cos o/h sini ([22b] 


where ¢ is the eccentricity of the ellipse. These six expressions 
may serve as boundary conditions at the terminal point of 
the trajectory. For each one of these conditions that is left 
unspecified, there is, from the calculus of variations, a corre- 
sponding transversality expression to be satisfied at the ter- 
minal point. Satisfying these transversality expressions 
yields extremals in the quantity to be optimized with respect 
to the unspecified boundary conditions. Both relative maxi- 
ma and minima result from satisfying these conditions. 
The general formulation of transversality conditions may be 
found in treatises on calculus of variations; in (3) a formula- 
tion that is directly applicable to this problem is presented. 
Table 1 lists several useful combinations of rendezvous 
terminal conditions and corresponding transversality rela- 
tions obtained from an application of this formulation for a 
fixed final time. Combination I is, of course, the case where 
all six terminal conditions are specified. In combination II 
the position on the terminal orbit y is left unspecified, and the 
corresponding transversality condition appears. In combina- 
tion III both ¥ and Q are unspecified, and two transversality 
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Fig.4 Venus three-dimensional optimum rendezvous trajectory, 
celestial latitude 
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Fig.5 Venus three-dimensional optimum rendezvous trajectory, 
thrust program 
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Fig. 6 Venus three-dimensional rendezvous trajectories, 120- 
day flight time 


conditions result. This combination is most useful when the 
trajectory commences from a circular orbit, thus relaxing the 
necessity of specifying Q(¢,). Combinations IV and V apply to 
circular terminal orbits and to the case of orbital inclination 
changes. Combination VI also applies to the two-dimensional 
case where a-h and F(t) are zero over the trajectory. This 
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~ 


particular case has, in effect, been noted by Blum (1). The 
quantity AK, is zero when neither @ nor any quantity ex- 


plicitly dependent on 6, e.g., 2, is specified. = 


Interplanetary Trajectories 


In three dimensions, the set of equations to be solved re- 
quires the specification of 12 constants of integration. The 
specification of the six state variables initially and the six 


terminal and transversality conditions define the system. ay. : 
D. E. Richardson of Jet Propulsion Laboratory has pro- "5 

grammed these equations in an inverse-square force field for 7 

numerical solution on an IBM 7090 digital computer. To Di - 

overcome the two-point boundary value problem associated i, 

with this type of equations, an iterative routine designed — 

to efficiently conduct parametric analyses has been developed. 100 


Eqs. 5-15 are used to obtain a search matrix by a direct per- 
turbation procedure. From this matrix a set of corrections 


to the initial conditions is obtained yielding a trajectory 
whose terminal conditions converge toward the specified = 
values. The validity of this procedure is predicated on the 3 

= 


assumption of a near-linear behavior of the variables in the 

small. Several devices are used to minimize computer time. 

If successive iterations are required, the original matrix is 

used as long as the process converges and the number of 360-0 
iterations is less than some specified value. To use this 

computer efficiently, a family of converged trajectories (for i= 
different terminal conditions and/or flight times, for example), a 
is obtained in one machine run. This allows the accumu- 
lation of information about previously converged trajectories, 300 
which is used to predict initial conditions and search matrix 

elements for the succeeding case. This routine has been re- 


markably successful in the large-scale production of inter- a 4 


planetary rendezvous and flyby trajectories to nearly all ~ 
the planets, with flight times ranging from 30 days to 3 years i 
(2,3). 


The numerical examples presented consist of sets of inter- aa 
planetary rendezvous trajectories commencing from Earth’s ese 
heliocentric position and terminating at Venus and at Mars. =) 100 200 300 


The orbits of Earth and Venus were assumed circular with 
the latter possessing an inclination of 3.°394 to the ecliptic 
plane. The orbit of Mars possesses an eccentricity of 0.09337 Fig. 9 Venus three-dimensional rendezvous trajectories, varia- 
and an inclination of 1.°850; the argument of perigee is tion of positions of extremal points with flight time 
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Fig. 10 Mars three-dimensional optimum rendezvous trajectory, 


ecliptic projection 


—73.°93. The planets themselves were assumed massless, 
and only the mass of the sun was used in the calculations. 
Fig. 3 illustrates an ecliptic projection of an interplanetary 
trajectory which will rendezvous Venus in 120 days. The 
terminal conditions in combination V were used. The 
arrows represent the ecliptic projection of a at various points 
along the trajectory. Fig. 4 shows the variation of celestial 
latitude of the vehicle along this trajectory; the thrust pro- 
gram is presented in Fig. 5. The rendezvous of this par- 
ticular trajectory is at the optimum point on Venus’s orbit, 
which for this flight time is @ = —3.°189 on the ascending 
branch. Because of symmetry, the point ¢ = +3.°189 on 
the descending branch is also optimum. Fig. 6 exhibits the 


variation in the value of f, a’dt and the transversality 


quantity V(t), with rendezvous at different points along the 
orbit of Venus. 1/7 (t,) is zero at all rendezvous points in the 
case of Venus because of the circular terminal orbit. For 
this case the terminal conditions are given by combination 
V with condition 6 replaced by Ws. It is observed that the 
zero crossings of N mark the minimum and maximum 


values of i a’dt with respect to y. The amplitude of the 


variation is only a small percentage of the average value. 
The iterative routine mentioned above was used to generate 

a series of two- and three-dimensional Venus trajectories for a 

wide range of flight times. Fig. 7 shows the variation in 


f, a’dt for a two-dimensional model. The effect of the 
third dimension due to the inclination of Venus’s orbit is ex- 


hibited by Fig. 8, in which the increment in f, a’dt over 


the two-dimensional value has been plotted. Both the upper 
and lower bounds of this increment are included. The varia- 
tion in y for both of these cases is shown in Fig. 9. 

In ballistic interplanetary trajectories where velocity im- 
pulses are made at the terminal points, it is known that the 
effects of planetary inclinations on the required velocity 
increment to perform a mission can be quite severe. It will 
be observed, however, that this is not the case for advanced 
propulsion trajectories in which thrust is applied over an ex- 
tended range. The reason for the comparatively slight ef- 
fects of inclination is partly due to the small planetary in- 
clinations involved and the relative efficiency with which the 
advanced system is capable of generating these required in- 
clinations at the terminal point. 

Orbital eccentricity has a considerably more prominent 


effect on f, a?dt, particularly for nearby planets such as 


Mercury and Mars. As a second example, a similar series of 
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Fig.11 Mars three-dimensional optimum rendezvous trajectory, 
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Fig.12 Mars three-dimensional optimum rendezvous trajectory, 
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Fig. 13 Mars three-dimensional rendezvous trajectories, 90-day 
flight time 
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Fig. 14 Mars three-dimensional trajectories, rendezvous at ex- 


results for rendezvous trajectories to Mars is presented. 
Figs. 10, 11, and 12 exhibit the characteristics of a 160-day 
trajectory which, for this flight time, will rendezvous at the 
optimum point on the orbit of Mars. The terminal condi- 
tions in combination III were used. Fig. 13 shows the effect 
of orbital eccentricity for a set of 90-day rendezvous trajec- 


tories to Mars. The magnitude of the variation of a a*dt 
with y is about 50% of the average value. The transversality 
expression M(t) + N(t) is included, and its zero crossings 
coincide with the maximum and the minimum values of 

t 
f, a?dt with respect to y. 
Fig. 14 shows the variation of ii ' atdt with flight time for 


both extremal points. The variation of these extremal 
points with flight time is shown in Fig. 15. As in the case 
of Venus, the effect of the inclination of the orbit of Mars 
is quite small. The contribution of inclination to the varia- 


t 
' a2dt in Fig. 13, is less than 1% of the mean value. 


tion, 
This was confirmed by a comparison with an analogous set of 
two-dimensional trajectories. 

For interplanetary mission studies with advanced pro- 
pulsion systems, it appears that planetary inclinations are 
negligible in payload capability studies. Even for the 
planet Mercury, with its 7° inclination, the effect is small. 
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Fig. 15 Mars three-dimensional rendezvous trajectories, varia- 
tions of positions of extremal points with flight time 


On the other hand, the effect of orbital eccentricities warrants 
the use of the appropriate eccentric orbits for Mercury and 
Mars. In (2) a comparison of results obtained from using 
both circular and eccentric terminal orbits will be found. 
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Preliminary Orbit Determination of a 
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DOPLOC Tracking System races. 
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A method is presented for predicting a preliminary orbit of a passive (nontransmitting) satellite, 
using tracking data collected during one passage of the satellite by a tracking system consisting of 
only one transmitter and one receiver of the DOPLOC network. Equations are derived which relate — 
passive satellite Doppler tracking data to range, speed, and time parameters at closest approach. 


* | 


7 Epa These determine an ellipsoid whose foci are the transmitter and receiver stations. The satellite 

tao ann th - lies on this ellipsoid, and its trajectory is tangent to the surface. This ellipsoid can be completely 
* 1 determined without using any angleinformation. The satellite position and velocity components 


at closest approach are then calculated on a digital computer using Doppler and limited angle infor- 
mation provided by the DOPLOC tracking system. Preliminary orbits determined in this way agree 
favorably with the refined orbits of Ballistic Research Laboratories and Space Track. 


be EQUATION that describes the Doppler shift of In the same manner fe(t) may be derived. 


radio signals transmitted from a station on Earth, re- Having obtained Doppler data from one or more trans- 
flected from the passive (nontransmitting) satellite, and re- mitter-receiver stations, the procedure for arriving at a solu- 
ceived at another station on Earth is ; tion to the orbit determination problem is as follows: 
1 Select preliminary values of the initial conditions 
br + be = (¢/fr)(fr — fr) x(to), y(to), 2(to), &(to), 2(to), i.e., establish a preliminary 
2 Solve the equation of motion for the time-dependent 
Pr, br = range rates of the satellite relative to the trans- position and velocity components. 
mitter and receiver stations, respectively 3 Compute values of pr + fe for each transmitter- 
fr, fe = transmitter and receiver frequencies, respectively receiver pair at times corresponding to measured Doppler 
c = speed of light data. 


4 Compare computed values of 67 + fz with data. 

5 Select an improved set of initial conditions and repeat 
the process until the computed values agree with the data. 
Items 2 through 5 constitute the determination of the re- 
fined or final orbit. 

The Ballistic Research Laboratories has a numerical tech- 
nique (1)* for establishing the final orbit that will converge 
using information provided by one transmitter and one re- 


A typical continuous Doppler curve is shown in Fig. 1. 

The measured Doppler data (f7 — fr) is related to the solu- 
tion x(to), y(to), 2(to), (to), y(to), 2(to) of the orbit determina- 
tion problem by the expressions relating the time-dependent 
range rates to the time-dependent solution x(t), y(t), z(é), 
z(t), y(t), 2(t) of the equation of motion of the satellite, fF + u 
r/r* = 0, since the solution of the equation of motion is unique, 
corresponding to a particular set of initial conditions (to), 
y(to), 2(to), &(to), (to), 2(to). The desired expression for fr is 


_ — Xr — Xr] + YO YrOlWO — + kk — 


t 
where 
-— eeiver of the ARPA-BRL DOPLOC system, provided the 
Xr, Yr, Zr = position components of esi : preliminary values of the initial conditions are sufficiently 
Xr, Yr, Zr = velocity components of transmitter accurate. 


Doppler tracking of active (transmitting) satellites has 
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received considerable attention (2-7), but little has been 
found in the literature regarding the problem of establishing 
preliminary orbits. 

The object of the present paper is to show that it is possible 
to determine a preliminary orbit of a passive satellite during 
a single pass of the vehicle, using the combination of Doppler 
data and limited angle information provided by one trans- 
mitter and one receiver of the DOPLOC system. The method 
is formulated in this report and applied to actual DOPLOC 
data. 

The angle information supplied by the DOPLOC system 
consists not of actual measured angles, but of computed angles 
based on the geometry of the DOPLOC transmitter beams, 
which are so oriented that data are recorded only during three 
widely separated time intervals. For low satellites, these 
intervals can be as short as 5 sec. 


Parametric Representation of Doppler Curve 


Integration of the Doppler equation for a single transmitter- 
receiver pair 


where 


ArAf dt + (or + = 2a(t) [2] 


which indicates that at a given time ¢ the satellite lies on an 
ellipsoid of semimajor axis a(t) with foci at T and R, the sites 
of the transmitter and receiver. Since 7’ and R are known 
locations, the eccentricity of the ellipsoid is obtained from the 
expression ae = TR/2. Thus the ellipsoid is completely 
determined once the constant of integration (or + pr) is 
known. This is determined in the following manner: The 
Doppler Eq. 1 may be written in vector form as 


or‘ Or/pr + = ArAf [3] 


In a geocentric inertial coordinate system, neglecting Earth’s 
rotation’ 67 = oz = v, where v is the satellite velocity, and 


Kq. 3 becomes en 
er) ArAf [4] 
Pr PR 


Define the vector 
1 PTPR 1/2 es) 
t) = = = fF) 15 


5 For a low Earth seneliinn, the error incurred by this assump- 


Then 
(1/2)(or + pr) 


] 
| 
p-p/p = ArAf/2 


Define the time of closest approach as the time at which pr + 
pr is minimum (Af = 0), and let t& in Eq. 2 be this time. 
Then the constant of integration in Eq. 2 is the major axis 
of the smallest ellipsoid upon which the satellite will lie, the 
ellipsoid at closest approach. From Eqs. 2 and 6 


= P(to) = (1/2)(pr + pr)» = a(to) 


Using zero subscripts to denote values at fo, the time of closest 
approach, it follows from Eqs. 4, 5, and 8 that 


[9a] 
Further, the vector p(¢) is perpendicular to the tangent plane 
of the ellipsoid at the location of the satellite. Hence, both 
vectors Vo and po lie in the plane that is tangent to the ellipsoid 
at closest approach, at the location of the satellite. 

Thus, the following conclusions have been established: 
at the time of closest approach t) the satellite lies on the sur- 
face of the ellipsoid of semimajor axis po, having foci at the 
transmitter 7 and receiver R; further, the satellite trajectory 
is tangent to this ellipsoid. The location of the satellite on 
this ellipsoid, together with its associated velocity and the 
time fo, will determine a preliminary orbit of the satellite. 

Now assume that p is constant® (= po) in the neighborhood 
of closest approach tf. Then, in this neighborhood 


P(t) = Po + Polt — to) 
Then, using Eq. 9b 


p(t) = po? + |pol2(t — to)? 
2 


and 


p(t) = 


= = 
and the Doppler Eq. 1 becomes 


p(t) = ArAf/2 


Vo 1 Po 


Po 1 Po 


— to) 
[po? + pol 2(¢ to)? 


Thus the parameters , po, |po| are related to the Doppler 
data Af by Eqs. 10 and 7. 

Before proceeding to determine py and the satellite position 
and velocity components at é, an interpretation of p(¢) is in 
order. This vector can be expressed in the form 


[10] 


p(t) = apr + bor + cv 


where a, b, c are time-dependent scalars, for the vectors 7, 
Or, V constitute a basis in three-dimensional space. The 


vector p(t) may be interpreted as a fictitious velocity, for if 
the base of p(t) is held fixed at the origin of a three-dimen- 
sional vector space, the locus of the end point of p(¢) will be 
a fictitious trajectory. The base of po is taken as origin of 
this vector space, i.e., p at closest approach. This point 
will be in plane of er and og on the normal to the ac- 
tual trajectory at the point of the trajectory where pr + 
pr is a minimum, and at a distance along this normal equal 
to 1/2 this minimum value of pr + pr. In the vector space 
there will be a sphere of radius pp = (1/2)(pr + pr)min such 
that the fictitious trajectory and the true trajectory are both 


6 This assumption implies that the Doppler curve has an in- 
flection point at to, a characteristic observable in most Doppler 
data. 


1730 


>. 


JOURNAL 


= 
Pt, | | 
| 
= 
* 
~ 
* 
4 
{ 
‘ | 
r = c/f 
Af fr Sr Se | 
| 
> 
| 
q 
= 
| 


tangent to this sphere at the point of closest approach. Else- 
where both trajectories are exterior to the sphere (Fig. 2). 


Determination of Closest Approach Ellipsoid and 
Time 
The process of fitting Eq. 10 to the recorded Doppler data 


in order to determine to, Po, |Ppo| is complicated when these 
data are obtained by the DOPLOC system because of the 
DOPLOC transmitter beam geometry. These beams are so 
oriented that data are recorded only during three widely 
separated time intervals, which can be as short as 5 sec for 
low satellites. 

A brief description of this system will illustrate the ad- 
vantages and disadvantages of this geometry. The DOPLOC 
transmitter station, located at Fort Sill, Okla., consists of a 
50-kw transmitter and three high gain antennas. All of the 
antennas can be excited separately from the transmitter but 
not simultaneously. Each antenna is capable of radiating 
a thick fan-shaped beam having dimensions of approximately 
8 X 76 deg. The beam from the center antenna is directed 
vertically with the 76° dimension in the direction of the re- 
ceiver. The north and south antennas are identical to the 
center antenna except that they are tilted to radiate fan- 
shaped beams 20° above the north and south horizons respec- 
tively. This arrangement of beams is intended to detect a 
satellite as it rises over the horizon, track through the beam 
width, switch to the center antenna, track through its beam, 
and then switch to the third antenna to obtain three segments 
of data from the characteristic S-curve. 

The DOPLOC system has two receiving stations, one at 
the White Sands Missile Range and the other at Forrest City, 
Ark. Both stations lie on the great circle that passes through 
the transmitter station. 

At each receiving station three high gain antennas, which 
are identical to the transmitting antennas except in power 
handling capability, are tilted to see the same volumetric 
space that is illuminated by the transmitting antennas. 
The receiving antennas are switched synchronously with the 
transmitting antennas. 

In the following analysis, only one transmitter-receiver pair 
will be considered. Without loss of generality, the technique 
for the transmitter at Fort Sill, Okla. and the receiver at 
Forrest City, Ark. will be described. These stations are 
separated by a base line of 435 statute miles and, of course, are 
the foci of the ellipsoid of closest approach for each satellite 
observed. 

A typical DOPLOC data plot for this transmitter-receiver 
pair is shown in Fig. 3. Here the time of closest approach 
occurs while the satellite is in the center beam, which means 
that the satellite lies on the associated ellipsoid of closest 
approach in the strip intersected by the center beam of the 
transmitter. In all cases, the ellipsoid of closest approach 
associated with a particular transmitter-receiver pair will be 
intersected by the three transmitter beams, and at time of 
closest approach, the location of the satellite relative to these 
beams gives a good indication of where the satellite lies on the 
ellipsoid. Further, the time of appearance in the beams 
indicates the general direction of the satellite. For example, 
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Fig. 3 Typical DOPLOC data plot 
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the satellite of Fig. 3 is clearly going south as it passes over 
the stations. This information can be expressed analytically, 
in a form easily programmed for a digital computer, in order 
to calculate the approximate position and velocity com- 
ponents of the satellite at the time of closest approach. 

Before this can be done, however, the ellipsoid at closest ap- 
proach must be determined by fitting Eq. 10 to the DOPLOC 
data in the neighborhood of closest approach, where data are 
very meager (Fig. 3). Further, the data appear to be nearly 
linear in this neighborhood. Therefore, if the nonlinear ex- 
pression, Eq. 10, is fitted directly to the recorded data in this 
center interval, the parameters so determined will be inaccu- 
rate. This was verified by actual computation. 

Details of different techniques that were attempted are 
described elsewhere (8). Here the procedure that proved most 
successful will be outlined. 

1 First determine fp by fitting the cubic in ¢ 


p=A+Bt+ Cl + Dé [11] 


to the measured data in the neighborhood of t, with the time 
origin for ¢ fairly close to t so that roundoff errors will not 
be significant. Once the coefficients are determined, fo is 
computed as the single root of the equation p = 0 that lies in 
this neighborhood. The cubic was used because it was found 
that accuracy in f improved as the degree of the approxi- 
mating polynomial increased from one to three, and remained 
unchanged thereafter. 

2 Using fo, fit the cubic | 7 


p=art yr r=t—t [12 
to all the recorded data. 

3 After writing Eq. 10as 


a linear expression in a and b, determine a, b, and pp by fitting 
Eq. 13 to values of p given by Eq. 12 over a sufficiently large 
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Discoverer XI oribital elements 
Rev. no. 30, April 17, 1960 


Table 1 


M(t), 
a € t = 18:39:21.5 1 Q w 


General Electric Co. (preliminary orbit) 4090 mile 0.0106 342.48° 76.41° 6 Ge i 144.18 
Ballistic Research Laboratories (final solution) 4186 mile 0.0295 345 .23° 80.15° 215.93° 154.97° 
Space Track (final solution) 4188 mile 0.0291 — 80.01° 215.84° 146 .28° 


Rev. no. 172, April 26, 1960 


M(t) 
oF a = 16:53:58 i 
General Electric Co. (preliminary orbit) “ap é 4045 mile 0.0147 41.21° 74.5° 204.8° 59.31° 
Ballistic Research Laboratories (final solution) — an 4093 mile 0.0189 43.01° 80.44° 203 .18° 96 .08° 
Space Track (final solution) 4090 mile 0.0111 80.10° 202.84° 23° 
neighborhood of t. The interval t) + 30% of the time in- and in the direction of the ellipsoid base line TR extended 
terval between t and the side beams has been found ade- westward, and a y-axis in the same horizontal plane and nor- 
quate. mal to TR (Fig. 4). 
Then, corresponding to a given altitude A (or x), Eqs. 14 
Determination of Position and Velocity at Closest and 15 give 
Approach sin0= 
Once po is determined, the ellipsoid at the time of closest where 7 
approach i is known, since the eccentricity ise = TR/2p, 
where TR is the length of the base line between the 
mitter and receiver, the foci of the ellipsoid. It remains now _ k® = Newton’s gravitational constant 
to determine the location of the satellite on this ellipsoid, as Of =: mane of Bath 
well as its velocity components. To do this, the transmitter 
beam geometry described in the preceding section is used. Clearly the altitude x of the satellite will be restricted by the 
At the time of closest approach, a horizontal plane at the upper bound of sin 6. This restriction can be seen in- 
altitude h of the satellite above the transmitter will intersect tuitively: the higher the satellite, the greater must be its 
the transmitter beams, as shown in Fig. 4. If it is assumed speed to traverse the wider distance between beams in the 
that the satellite remains in this plane during its flight through fixed time interval; on the other hand, the speed in a circular 
the three beams and that its speed v is that corresponding to a orbit reduces with increased altitude. There will thus be an 
circular orbit at this altitude h, then the satellite path length upper bound on permissible altitudes. 
As between the center and north beams is given by In the horizontal plane at some altitude z, the satellite will 
2 2 
where At is the time interval corresponding to the gap in the 45 
data between the center and north beams. The acute angle 
6 between the path and the vertical plane of the transmitter where a, 6 are the semimajor axis ~) and semiminor axis 
center beam is obtained from respectively of the ellipsoid at closest approach. Since the 


= AN/sin 6 — satellite path is tangent to this ellipse at the location of the 
— O0<Osx/2 [15] satellite, this point is to be determined from the expressions 
where AN is the perpendicular distance between these beams 


at the given altitude h. (b?/a*)(b? — x*) 

It will’be convenient to use a topocentric coordinate sys- (b?/a?) + tan? 
tem, originating at 7 and having an z-axis vertical, a z-axis 2/2)(b2 — 7? 29 : 
in the horizontal plane at the elevation of the transmitter — re (z + ae)? = & as sae 


The velocity components of the satellite are to be determined 
from the 


= 0 
= yp? cos? 0 
where 
2 


= k?M/(r + 2) 


A given value of @ will determine four possible points on 
the ellipse, one in each quadrant. A unique velocity is 
associated with each pair of opposing quadrants. The sign 
of y is determined from the data by observing which beam the 
satellite crosses first; hence the sign of 2 is known for each 
point. 

Fig. 4 Orientation « of ellipsoid and DOPLOC antenna beams There is still the — of tai the correct altitude 
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x and the correct point (y, z) at this altitude out of four pos- 
sible values of (y, z). It has been shown that the possible 
values of x are already restricted by the upper bound of sin 
6. Fora chosen 2, the four possible values of (y, z) just de- 
fined are not all acceptable. The data tell where the satellite 
is at to relative to the center beam. That is, the satellite is 
either in the beam or on one side of it and proceeding toward 
it or away from it. This information, expressed analytically, 
imposes severe restrictions on the possible values of (y, 2) 
that are to be accepted. 

Denote by t; and ¢, the times at which the satellite crosses 
the edges of the center beam (Fig. 4). The distance travelled 
by the satellite along its path in the horizontal plane at alti- 
tude x between the time of closest approach t) and the time it 
crosses the vertical plane xz is given by 


As = v|(t + te)/2 — tol eur 


Then, for the case where y > 0 (satellite travelling north), the 
, coordinate of the satellite at t is given by 


Yo = vsin — [ti + te]/2) 
and for y < 0 (satellite moving south), the y coordinate at 
fy) is given by 


The appropriate formula can be used as a criterion for selec- 
tion of permissible points (y, z) at a given altitude z, from the 
four points previously computed. To allow for possible 
inaccuracy in the precise location of the satellite at times t, fo, 
and to, values of the y coordinate that lie in the range yo — 
e<y<y+ee€>O0can be accepted. To select this range, 
define the angle ¢ in the xy plane by the relation 


Yo = vsin + te]/2 — to) 


tan d = yo/z 


Then, assigning the small angle A¢ > 0, the z, y, z coordinates 
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of the satellite must satisfy the inequality —_ 
tan (¢ — Ad) < y/x < tan (¢ + Ad) 


Application to DOPLOC Field Data 


Using the methods just described, preliminary orbits were 
established for two revolutions of the Discoverer XI satellite. 
The data were obtained from the ARPA-BRL DOPLOC 
system, using the transmitter at Fort Sill, Okla. and the re- 
ceiver at Forrest City, Ark. 

The preliminary orbits obtained, expressed in terms of the 
usual orbital elements, are compared in Table 1 with the 
final solutions obtained by BRL and NSSCC (Space Track).” 
BRL uses an analog procedure to determine a preliminary 
orbit from the DOPLOC data, whereas at Space Track all 
available data are compiled over a period of time to compute 
the orbit. 
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An automatic terminal guidance logic is presented for rendezvous of two space vehicles in orbit. 
Specifically, that phase between terminal acquisition and final docking is treated. The system, 
termed attenuated intercept, initiates an intercept orbit that is successively softened by dilating the 
time tointercept. This leads to a succession of revised intercept commands which, in the limit, re- 
sults in zero relative velocity at intercept. The characteristics of this system have been evaluated by 
means of analog computer simulations for noncoplanar elliptic relative orbits. Propellant consump- 
tion comparisons between this system and optimum impulsive transfers are made. Attitude rates of 
2 deg/sec consistent with single engine operation are found adequate for system implementation. 
The ability of the system to accommodate a wide range of thrust levels is demonstrated. Multi- 
ple start nonthrottleable engines appear adequate for the task. 
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terminal rendezvous systems can be cate- 
gorized under three broad headings: 1) proportional 
navigation; 2) Keplerian transfer; and 3) combinations of 
1 and 2. System 1 has received attention by numerous in- 
vestigators (1-6).2_ System commands are based on either 
suppressing or maintaining constant sensor look angle rates of 
change between the ferry and target vehicles. Additional 
range and range rate commands control relative acceleration 
along the line of sight. The fundamental advantage of this 
system is the ability to force rendezvous when target orbital 
characteristics are unknown. Propellant requirements for 
such a terminal maneuver are relatively large. 

Guidance logic using impulsive Keplerian orbit transfers are 
treated in (7-11) and can result in a minimization of the num- 
ber of thrust pulses and propellant payload. Target and ferry 
orbital characteristics must be accurately known—the 
former possibly from ground tracking, the latter from inte- 
grating accelerometers or from radar range and range rate data 
aboard the ferry. However, errors result because of equip- 
ment limitations. These errors distort the terminal transfer 
orbit and, if uncorrected, will prevent rendezvous. An addi- 
tional computation scheme that supplies corrective thrust 
pulses is needed. Thus, steering equation complexities in- 
crease. 

Modification of the above transfer schemes usually leads to 
some sort of combination transfer line of sight system. One 
such system successfully employed as part of the subject study 
is termed attenuated intercept. Control equations are based on 
differences between a desired and actual ferry orbit intercept 
path relative to a target in a circular orbit (12, 13). Rendez- 
vous rather than intercept occurs, however, because of dilat- 
ing the time scale. It is demonstrated that rendezvous is in- 
sured even for elliptic target orbits. This scheme is attractive 
because the control equations are relatively simple and de- 
pend only on an accurate estimate of the target period rather 
than on a complete set of orbital elements. 


Analog Computer Equations: Relative Motion 
Synthesis 

Equations of relative motion between a ferry vehicle and 
its objective were simulated on an analog computer and are 
given below. The rectangular triad is target-centered, 
wherein Z denotes the local vertical, X the local horizon, and 
= X X Z (see Fig. 1). 


p p 


= const = p X V a [1b] 


Tx XH? 24H 


2ZpH _K*MX [2a] 


2 r3 p? 


Z “whe 


Expanding the gravitational accelerations and deleting third- 
order terms gives 


38XZ 0 
p! 


] 
(ea) 


Target 


Gravitational Center 


Fig. 1 Coordinate schematic 


Consider a target orbit whose semimajor axis and eccentricity 
are 5000 statute miles and 0.1, respectively. To compute p 
directly from Eq. 1 implies that less than 20% of the amplifier 
voltage is used, since p varies from 4500 to 5500 miles. En- 
suing computer errors would therefore be larger than second- 
order gravitational accelerations. Maximum _ permissible 
simulator precision is maintained, however, by referring tar- 
get radius variations to a base value of 5000 miles. Necessary 
manipulations relating Ap to pare given below. Define 


104 


p= Apt+-> [4] 
(6) 


Target radius is eliminated by substituting Eq. 4 into Eq. 5, 
Eq. 5 into Eq. 6, and Eqs. 5 and 6 into Eq.7. Now 


[8a] 


[8b] 
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Fig. 2a Dependence of characteristic velocity on k and 7'* 


Miles 


Vertical Displacement ~ Z 


Horizontal Displacement ~ X ~ Miles 


Fig. 2b Trajectory comparison ine 


Substituting Eqs. 6 and 7 into Eq. 1 completes the amplifier 
equation for target radius variations, since A(1/p*) and 
A(1/p*) are given by Eas. 8. 


Employing the preceeding difference method, the horizontal 
acceleration becomes 


X= p? (x A : p = + Px [10] 
m p 2 
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X 1 pulsive transfer requirements necessary to achieve an inter- 
a (a p? 7) [11b] cept path between a ferry vehicle in any initial orbit and a 
es target vehicle in a circular orbit. Eqs. 13 are approximate 
Z since, in the derivation, the relative gravitational accelera- 
i z(a? + 2) os [Ile] tion had been linearized. Relative motion discrepancies must 
- therefore exist and, if uncorrected, will increase with intercept 
A similar technique yields Y and Z. ie i8 time and/or initial separation distance (7). 
Under the premise of single engine operation, thrust alloca- Let the ferry velocity at maneuver initiation be Xp and Zp. 
tions along each reference axis become On this basis intercept will occur 7 seconds later. However, 
Tx T cr intercept is nothing more than a hard rendezvous, and, conse- 
— = — — cosa cos6 aes [12a] quently, Eqs. 13 must be modified to soften the intercept. 
Barring an impulsive correction prior to collision, this soften- 
Ty “) = ing may be induced as follows. Assume initially that the tar- 
—=-—-—sing [12b] get is at a higher energy level than the ferry. Eqs. 13 will de- 
oe mand an increase in ferry velocity to produce intercept path 1. 
T: T After some elapsed time along path 1, let a new transfer be 
a one sin 6 [12c¢] made based on an extended intercept time. Accordingly, con- 


trol Eqs. 13 will command a new trajectory formed essentially 
by retroaction. Subsequent velocity additions will generally 
be less than those required for preceeding intercept paths. 
As shown later, extending this process to the limit forces both 
vehicles on identical orbits with identical epochs. Thus, in 
principle, by modifying intercept time a series of orbit trans- 
t - fers is achieved which tends to moderate the initial intercept 


Angle 6 is the angle between the local target horizon and the 
thrust vector projection onto the target plane. Angle a is the 
out of plane angle described by the thrust vector and is re- 
stricted to +90° rotations. 


Control System Equations ha 4 and, in the limit, command rendezvous. 
; A : : Maneuver time is modified by simply replacing 7 by T* — 
ES Sam kt. Parameter T* is a fictitious intercept time (0 < T* < P), 


— k an appropriate time factor (0 < k < 1), and tis 
time elapsed since problem initiation. At each instant of real 
time, therefore, an intercept path is computed based on the or- 
iginal intercept time 7* minus some percentage of the ac- 
tual time elapsed. Desired velocity magnitudes, associated 
with each new orbit computed, continually decrease because of 
the dilated time scale. The proof that desired velocities and 
corresponding distances are in fact zero when time ap- 
proaches 7*/'& follows. Since the area of concern is in the 
vicinity of T*/k, replace sin w(T* — kt) and cos w(T* — kt) 


Homing guidance rendezvous schemes are based on error 
signals generated by comparing parameter differences be- 
tween a desired trajectory and an actual trajectory. A 
rendezvous path is ultimately forced by translating these 
error signals into vehicle orientation and thrust firing com- 
mands. Desired trajectory velocities computed herein are 
based on the following equations wherein the coordinate sys- 
tem is target centered: 


(6Zwr — X) sinwr — 14Z(1 — cos or) 


 — 2. (Eqs. 13) by w(7* — kt) and 1 — w?(T* — kt)?/2. Then 
¥ 8(1 — coswr) — 3wr sin wr [13a] 
Z Z(3wr cos wr — 4 sin wr) + 2X(1 — cos wr) “ro w w(T* — kt) 
8(1 — cos wr) — 3w7 sin wr = 


Z Z 


The general solution of Eqs. 14 is 


1/k 
X= [ | E sin - + 


This set, derived in (12), defines approximate coplanar im- 


k 
T* — kt) 
B cos [15a] 
k 
iti ‘onditions : T* — 
Miles Deg ns T* — kt) 
) 2 t 01 20 30 A cos w(T* — kt | 15b 
4; 20 po 
| | A and B are arbitrary constants that depend on initial con- 
| ditions. Again, within the rendezvous sphere of interest, 
¢ these equations become 


A k Aw 
= (T* — (T* — kt) + 
200 B [1 k 2| 16 
t + — (T* — )/ [16a] 
Rate Limit ~ Deg/Sec 
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a Control Error 
Constant ~ 


4.2 Ft/Sec 


200 


Va = .2 Ft/BSec 


Control Error Time Dependent 


0 4 8 
Thrust Cut-Off Angle 


Characteristic Velocity ~ AV ~ Ft/Sec 


Since X and Z expressions are similar, only horizontal motions 
will be considered. Differentiation of Eqs. 16 yields 


where 
= (Aw/k)(k + 1) 


4 Biw/k)2(1 + 2k) 
The acceleration X becomes 

X = — T* — kt) — 

1 B — kt)2/2\(k +1) +B [18] 


Now, consider the following cases: 
1 When k > 1 the exponent (1/k) — 2 preceding the 
parenthesized term in Eq. 18 becomes negative. Therefore, as 


t—> T*/k 


Infinite accelerations and velocities are required to superim- 
pose ferry and target vehicles. 


2 Whenk = 1 the term B(1 — k) = Oand, ast > T*/k 
i 


Note that these conditions correspond identically to the in- 
tercept problem. For intercept (X = 0) a finite thrust pro- 


- 81~ Deg 


gee © Fig. 4 Effect on AV due to attitude firing tolerance 


12 16 


duces a finite velocity. 
3 When !/2 < k < 1 and, as t— T*/k, inspection of fore- 
- going equations reveals that 


‘ 


The implication here is that rendezvous can be achieved, at 
least theoretically, if infinite thrust is available. 

4 When0<k < 1/2 the term (7* — kt)“/")—? remains in 
the numerator. Now, ast— 7'*/k 


X¥+0 
X+0 


This can be classified as a true rendezvous condition. Notice 
that limit accelerations, velocities, and distances are unaltered 
even if w varies about some nominal value. Attention to this 
fact will be made when elliptic target orbits are discussed. 


Control System Synthesis 


Control provisions regarding thrusting intervals and direc- 
tion must be included to monitor desired velocities. Thrust- 
ing intervals are defined with respect to error signals gen- 
erated by continually comparing desired velocities to actual 
relative ferry velocities available from the equations of 
motion. These differences then specify a coplanar velocity 
error 


Vs=+V (Xp — X)? + (Zp — 2)? [19] 


Should V; be greater* than an assigned control error Va, thrust 
is activated; should Vs be less than an assigned control error 
Va, thrust is deactivated. Resolution of the velocity control 


3 For the three-dimensional case, Vs is replaced by Vo. 
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Fig. 5 Miss distance based on impulsive velocity for intercept 


= 


Xp—X\_.. (- 
) sin [20] 
Any difference between command and actual deflection 
K(6p — 4) generates a rate signal error that drives the ve- 
hicle toward the command firing direction. Maximum pitch 
rate 6 is generally limited. Furthermore, firing is prohibited 
if the thrust axis does not lie within +7 deg of the com- 
mand direction (|6p — 6| > ). This latter limit is obvious 
because of the undesirability of applying thrust in a direction 
contrary to that commanded. 

Errors in the knowledge of the target orbit, deviations in 
planned launch conditions, and system inaccuracies all con- 
tribute to preclude a two-dimensional rendezvous problem. 
Admittedly, relative target-ferry orbital inclinations will be 
small; nevertheless, a realistic system must include provisions 
to nullify noncoplanar motion. Relative out of plane motion 
is sinusoidal and uncoupled from planar motion. In this case 
the desired lateral motion Yp is simply selected as a linear 
function of nonplanar displacement 


Yp = —kyY [21] 
The totai velocity error now becomes 
= V(Xp — X)? + (Yo — Zp — [2] 


Thrust must be applied such that Yp — Y + 0. This is 
accomplished by defining a yaw angle op where 


[23] 


op = tan 


Attitude and attitude rate limits applicable to the pitch mode 
are also applicable to the yaw mode. 


Discussion 


The basic system operation has been outlined in the fore- 
going section. The intent here is to discuss related effects on 
the path, thrusting schedule, and propellant consumption due 
to variations in allowable pitch rate, thrust angle cutoff com- 

‘ Anticipating changes in desired velocities (i.e. Xp, Zp) and 


processing this information in the command thrust equation 
could possibly produce a more efficient thrust schedule. 


a 
_ error vector yields a coplanar command thrust direction‘ 5 : 


+2 


- mands, velocity control errors, and degree of engine throttle- 


ability. First circular, then elliptic target orbits are con- 
sidered. Prior to any performance assessment, however, some 
criterion for selecting 7* and k need be established (since de- 
sired velocities depend on these parameters). In essence, 7'* 
determines characteristic velocity which includes velocity to be 
gained for intercept and velocity expended for rendezvous. 
Attainment of an intercept path comprises the initial phase of 
rendezvous and is defined when actual and desired velocities 
are first matched. Factor k dilates the time scale, thereby pro- 
viding sufficient time to fulfill velocity commands within avail- 
able vehicle thrust limitations. An interdependence between 
available thrust and parameters 7* and k exists, particularly 
for low thrust levels. 


T* Selection 


Rendezvous propellant expenditure has a direct dependence 
on 7*. Minimum propellant paths compatible with this 
system can be approached by selecting that unique 7* that 
denotes minimum characteristic impulsive velocity require- 
ments (13). The primary purpose of this study is to demon- 
strate system feasibility. Consequently 7* was chosen 


If AVe represents initial impulsive velocity to be gained for 
intercept lock-on, then for a constant thrust engine the time 
required to generate this velocity increment is approximately 

AVe 
~ Wg 


k Selection 


When k * 0 rendezvous time becomes 7*/k. It follows, there- 
fore, that t’ must be less than 7'*/k to ensure sufficient time 
for retrothrust after an intercept path is attained. Based ona 
series of initial conditions investigated, it was empirically 
found that rendezvous is ensured if intercept lock-on time ¢’ is 
less than 0.27*/k. <A possible k selection criterion is thus 
established. 

A particlarly attractive alternate k selection criterion was 
also considered. At maneuver initiation letk = 0. This cor- 
responds to terminal phase initiation based on infinite time to 
go. Eqs. 13, however, continually compute desired velocities 
while command equations attempt to correlate actual and de- 
sired velocities, thereby forcing the ferry toward the target. 
When V; = Va time is started with k equivalent to 1/2. This k 
switching program yields the simplest method for ensuring 
rendezvous regardless of initial conditions or available thrust 
level (analog scaling limits and drift precluded accurate repre- 
sentations of thrust levels much less than 10~* g). 

Fig. 2a relates characteristic velocity to time factor k for a 
variety of intercept times and initial conditions. In each in- 
stance both ferry and target vehicles are on coplanar circular 
orbits. Only constant thrust engines are considered. With 
the exception of the solid symbol, which is characterized by 
the alternate k selection criterion, all data comply with t < 
0.2T7*/k. Factor k therefore remains constant throughout 
each run. The dependence of characteristic velocity on T* 
and kisseen. Extending k beyond the maximum value shown 
results in large propellant expenditures. Should available 
thrust be reduced from 10~°g to 10~%g, rendezvous is un- 
attainable for those conditions shown, since the low thrust 
engine is not capable of forcing a rendezvous path within the 
time restrictions imposed. Rendezvous is feasible, however, 
if the & switching technique is used (refer to solid symbol). 
Additional propellant is spent when this run is compared 
to the open symboled data, primarily because of the differences 
in rendezvous time. Rendezvous time for the 0.01g engine is 
slightly less than a target period, whereas nearly 1.8 target 
revolutions transpire when cli W = 0.001 nel to Fig. 2b for 
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Thrust Deflection Rate 6 


Rate limits have no effect on characteristic velocity, as 
-videnced from Fig. 3. The remainder of the data are based 


on Omax = +1 deg/sec. 


Thrust Cutoff Angle (6p — 6) 


The consequence of firing in an undesirable direction is 


clearly indicated in Fig. 4. 


najor propellant disparity exists beyond a 


Velocity Control Error 


Velocity control errors are necessary to 
‘constant thrust on-off signals. 
rectional thrust, whereas parameter® V4 
Che data presented in Figs. 2 and 3 used a 
lefined by V. = 4.2 fpsand Va = 0.2 fps. 


vand an order of magnitude nearly double 


velocity due to the addition of on-off thrust 


Parameter Va 


A 55% propellant increase re- 
sults due to varying the cutout angle from 5° to 15°. 
subsequent runs were limited to [6p — 6| = 


All 
10° since the 
cutout angle of 10°. 


prevent hunting of 
activates cor- 
deactivates thrust. 
constant deadband 
Reducing this dead- 
s the characteristic 
pulse requirements. 


(ncreasing the deadband diminishes thrust correction require- 
ments and propellant payload, but rendezvous accuracy is 


‘ompromised. 


In an effort to reduce corrective thrust ap- 


lications without sacrificing accuracy, the following time de- 


endent deadband was introduced 


(42.2) fps 


*_—k 
Va (2.1) fps [24b] 


Velocity control errors are initially increased tenfold and then 
forced to diminish with time until the base value is reached. 
Characteristic velocity allied with this technique is illustrated 


by the solid symbol in Fig. 4. 
mained substantially constant; 


pulses sustained was reduced from 25 (Va 


Propellant expenditure re- 
however, the number of thrust 


= const) to 14. 


Rendezvous trajectories and rendezvous time were unaltered. 
Based on the foregoing, rendezvous occurs when relative 


velocities are within a 4 fps deadband. 


This is unsatisfactory 


for docking purposes, because relative distances can oscillate 
within a few hundred feet without generating corrective 


commands. 


direction relative to the target. 


Elliptic Target Orbits 


Eqs. 13 were derived based on circular target orbits. 


Rectification demands a problem rescaling. It 
will be shown later that the steering equations, when modified 
slightly, provide docking trajectories along a predetermined 


Fig. 5 


demonstrates the equation’s open loop inability to define an 
intercept trajectory with a target in an elliptic orbit (a7 = 


5000 miles, er = 0.1). 


and direction were selected by nulling V5. 


Impulsive transfer velocity magnitude 


With the target 


initially located at perigee, an extreme undershoot prevails 


(AV too small); 


apogee, a large overshoot exists (AV too large). 


a tenfold reduction in eccentricity favoral 
from A to B. 


whereas, with target initially situated at 


As expected, 
ly alters the path 


Alternatively, path A indicates that w is initially 
too small, whereas path C indicates the rev 


erse. 


empirically ascertain some functional relationship for angular 


velocity proved fruitless. 
study w represents mean angular motion. 


Throughout the remainder of the 


Closing the loop and applying a succession of thrust pulses 
rectifies the highly unfavorable condition examined above. 


Effectively, Eqs. 13 process information de 


5 Ideally, Va should be zero. 
to maintain servo stability. 
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equations of motion and interpret the information as a suc- 
cession of new initial conditions for rendezvous with a series of 
circular target orbits. The condition imposed that @ of the 
target remain constant, when in fact it varies, implies a varia- 
tion in rendezvous time. However, previous data has shown 
that a variation in rendezvous time, through 7* and k, does 
not hinder rendezvous. Moreover, equations in the section 
on contro! system equations indicate that rendezvous end 
conditions are unaffected, regardless of w. 

An elliptic orbit (er = 0.1) with a semimajor axis of 5000 
miles was chosen to demonstrate rendezvous feasibility em- 
ploying Eqs. 13 without modifications. Initially the target 
true anomaly is 120°. The single engine ferry vehicle is 
prepositioned 50 miles from the target at an associated look 
angle of —30° and a relative velocity of 217 fps. Other 
pertinent conditions are specified on the time history given in 
Figs. 6a and 6b. Note the allowable error decay with time and 
subsequent diminishing of thrusting intervals. At the outset 
the thrust vector is oriented toward Earth (6 = —83°). 
Upon intercept lock-on the vehicle rotates approximately 180° 
(max = 1 deg/sec), whereon a slow rotation persists antil 
the engine orients itself along the horizon (6 = 0) at rendez- 
vous completion. Notice that time is stopped (kt = const) 
just prior to rendezvous. This technique is similar to im- 
posing an infinite time to go and was used to prevent voltage 
overloads. Ultimately the ferry oscillates about the target 
within the velocity control deadband provided. 


Throttleable Engines 
The velocity control errar and firing logic employed for each 
engine investigated are given in Table 1. 
Variable thrust commands depend on the total velocity 


error V-. Thrust activation control V. for the 50% throttle- 
able engine is time dependent. A time dependent gain 
[100(7'* — kt)/7*]— was required to ensure a 0.01g thrust out- 
put during each initial thrusting period. When V. diminished 
to 4.2 fps, kt remained constant. Engine 3 thrust (100% 
throttleable) is never deactivated. Instead a small fraction of 
thrust output is maintained to counterbalance a steady-state 
error within 1.5 fps. 

Propellant costs in terms of characteristic velocity spent 
when using engines 1, 2, and 3 are supplied in Fig. 7 for a 
variety of initial target locations. Pertinent initial condi- 
tions are given in the figure. The constant thrust engine 
consumes propellant equivalent to a characteristic velocity of 
approximately 317 fps. Propellant disparities between engines 
1 and 2 are small (48 fps). Further, propellant savings are 
evident when a fully throttleable (engine 3) rather than a 
constant thrust engine is used. Nevertheless, constant 
thrust engines appear attractive because the modest propel- 
lant benefits derived from throttleable engines may not com- 
pensate for their additional weight, extended burning times, 
and general complexity. 

As mentioned previously, 7*/P was arbitrarily selected. 
The data represented by the 0, 50, and 100% throttleable 
engines are therefore nonoptimum. For the 50% throttle- 
able case, however, one optimized run was performed and 
is indicated by the solid symbol (7*/P = 0.35). In this 
instance a propellant saving of 30% is noted. The final 
decision to either optimize T*/P or simply to preload an 
intercept time equivalent to P/2 must be based on the re- 
sults of a tradeoff study wherein propellant savings are 
weighed against additional computer capacity. It is conjec- 
tured that preloading T*/P at 1/2 will be satisfactory for most 
terminal guidance maneuvers performed within 100 miles. 


Constant thrust Ve>V, T/m = 0.0lg and Vg are time dependent. See Eqs. 24. 
T/m = 0 
50% variable thrust Ve > Va T/m = 0.01g V, is time dependent. Att = 0, Vg = 32.2 


Ve fps. When V, becomes equal to 4.2 fps, 


0.5 Va S Ve< 


T 
m  100(T* — kt)/T* 


Va < 0.5 Va T/m =0 
100% variable thrust Ve>Ve T/m = 0.01g Va = 32.2 fps. wt 
Va T/m = Ve/100 


kt remains constant. 
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Fig. 8 Optimum vs. nonoptimum lateral correction 


Some basis must be made available for evaluating overall 
system performance. For this reason a series of data points 
representing the absolute minimum propellant boundary con- 
sistent with a two-impulse orbit transfer path is included in 
Fig. 7. These data were digitally computed (11). In terms 
of vehicle mass ratio from launch or from parking orbit de- 
parture, the propellant differences between the data shown are 
small. Proportional navigation schemes require characteristic 
velocities that are approximately an order of magnitude larger 
than the optimum double impulse data shown. On this basis 
the subject system appears attractive. 


Nonplanar Ferry Motion 


It is well known that propellant is minimized when small 
orbital corrections are made at a node. The nonplanar con- 
trol system described in the section on control system equa- 
tions attempts to correct orbital inclination regardless of 
nodal position. This situation is ameliorated by taking ad- 
vantage of the sinusoidal motion; that is, fire only in the 
vicinity of a node and only when actual velocity and displace- 
ment differ in sign. Necessary computer logic for autopilot 
implementation takes the following simple form: i <a 


> 
If Then 
Y > —kyY <0 
Ys = O(op = O thrust 
direction parallel to target plane) 
Y<-kyY>0 


| 
< -—ky Y <0 


Fig. 8 depicts propellant saving when an optimum rather than 

a nonoptimum, noncoplanar command system is used. Co- 

planar initial conditions were unaltered from those pre- 

viously investigated. Propellant savings increase linearly with 


Y>-kyY>0 
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Fig. 9b Three-dimensional time history; optimum lateral mode 


nonplanar displacement. A time history, based on the opti- 
mum lateral mode, is given in Figs. 9a and 9b. The 100% 
throttleable engine rapidly reduces and then maintains nearly 
zero velocity control errors. Smooth parameter variations are 


noted. 


Rendezvous Offset 


As mentioned earlier, a distinction exists between terminal 
phase initiation and docking lock-on. Mechanical considera- 
tions will generally require that final docking be unidirectional 
with respect to the target. A correct directional approach 
can be ensured by instructing the control equations to com- 
mand rendezvous at a point removed from the target so as to 
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define favorable docking initial conditions. Mechanization 
simply requires that X, Y, and Z appearing in Kqs. 13 and 21 
be replaced by X-Xott, Y-Yorr, and Z-Zorr. If the mission re- 
quirement dictates inspection rather than rendezvous, then a 
corkscrew motion of the «A about the target can be achieved 


by properly offsetting xX, , and Z. 


Docking 

Docking as defined herein is that portion of io terminal 
guidance maneuver wherein the ferry is brought from close 
target proximity to actual target contact. For purposes of 
this study a unidirectional docking requirement is imposed, 
since addition of propellant modules or transfer of men and 
material necessitates a particular mating of target and ferry 
structure. Two assumptions made are that the friendly target 
vehicle is oriented to the local vertical and that previous steer- 
ing loops have placed the ferry in a favorable spacial position 
with respect to a predetermined lock-on direction (offset). 
Initial conditions for switching to this phase depend on initial 
terminal guidance sensitivities and sensing acuity. They are 
arbitrarily selected as R < 1/2 mile and R < 20 fps. 

Computer rescaling was mandatory to ensure accurate dis- 
tance representations within a few feet. The following steer- 
ing equations, based on Eqs. 14, were employed: 


x 
kT’ — Zw [25a] 


—) [25b] 
[25c] 


Xo 


Parameter 7” represents a predetermined docking time (7" = 
const = 7'*/kx = T*/ky = T*/kz). Gain constants (kx, ky, 
kz) define response speed along any desired axis. Parameters 


Zw and Xw partially compensate for coriolis forces tending to 
curve the ferry trajectory relative to the target. 

Time dependent velocity control errors, Eqs. 24, must be 
altered to comply with docking requirements. Therefore let 


Va = Kr'(T’ — t)/T' + Re 


Residual velocity | = (0.1 fps) is again defined as a servo com- 
pensating factor. Vehicle rotation rates for this phase were 
not limited, because angular response dictated by K(6p — 4) 
was generally within 2 deg/sec. 

Typical trajectories are displayed in Fig. 10. Final docking 
along the target’s vertical axis was effectively accomplished 
by increasing sensitivities with respect to X and Y displace- 
ments. Appropriate choice of gains will drive the ferry along 
any desired docking axis. Related propellant costs are pre- 
sented in Fig. 11. As expected, rapid docking and/or response 
demands increased propellant loads. 

Approximately 80% of the docking propellant is consumed 
during the first 200 sec, due to the initial rapid succession of 
firing pulses required to shape the distance-velocity domain 
in accordance with Eqs. 25 (see Figs. 12a and 12b). For the re- 
mainder of the run (7’ = 750 sec) -propellant equivalent to 
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10 
4fpsisexpended. This small characteristic represents a series 
of final retrothrust bursts which could be generated by very 
low thrust engines. 
‘ 
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can effectively be accomplished by inclusion of a time depend- 
ent velocity control error. 

3 Single engine operation requires attitude rate changes 
that are less than 2 deg/sec. 

4 Propellant costs are not prohibitive even when com- 
pared to optimum, two impulse, characteristic velocity re- 
quirements. 

5 Small propellant reductions offered by a variable thrust 
engine do not appear to offset the desirability of using a con- 
stant thrust engine. 
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6 Offset constants inserted into the control equations en- 
sure a final approach to the target from any desired direction. 
7 Asimplified control set can force docking along any pre- 

determined docking axis. 
eG 
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Nomenclature 


Subscripts 


= desired 
semimajor axis = initial 
eccentricity = target 


sea level acceleration (32.2 ft/sec?) 
angular momentum 

time dilation factor Pe’ 
gravitation constant . 
mass 
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Snap III is an auxiliary power source using thermoelectric elements to convert decay heat from a 
radioisotope directly into electrical energy. The fate of the radioisotope fuel in the event of post 
orbital re-entry after a successful satellite mission or an abort during a launch attempt was investi- 
gated. The objective was to determine the locations of impact or the locations and altitudes of the 
radioisotopic fuel capsule during burnup that could result from all possible combinations of final 
stage booster thrust, misalignments, or failures. Burnup altitude for a post orbital re-entry was 
also determined for a 275-mile circular orbit. The safety of the mission was appraised with respect 
to the fate of the radiopolonium fuel for successful missions and for the spectrum of potential 
aborted missions. Seven general cases resulted from the 65 abort cases examined. Concurrent 
with the theoretical investigation, a safety experimental program was conducted. These tests in- 
volved both missile failure and aerodynamic forces. They included plasma jet, impact, shock, fire, 
and fallout tests. The results indicate that the Snap III would be acceptable for operational mis- 
sions. The deposits resulting from dispersing the radioactive fuel during re-entries, from either 
successful or aborted missions, would be completely masked by the Po” that is naturally present in 
soils all over the world. 
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SNAP III thermoelectric generator’ has been inte- 
grated with a vehicle consisting of a conventional booster 
mated to a final stage injection vehicle (2).5 

Polonium-210, an alpha emitter with a half life of 138 days, 
produces the thermal energy. This isotope occurs in nature 
as one of the daughter products of the uranium disintegration 
series. 

The successful mission results in the decay of the initial 
2200-curie inventory of Po?! to 356 curies before the satellite 
re-enters Earth’s atmosphere. The aerothermodynamic 
history of the generator during its postorbital re-entry was 
considered. The definitions of aborted missions and the 
forces imposed by them were determined. An evaluation 
of the thermal, mechanical, and chemical forces imposed by 
launch, ascent, and final stage failures was completed. A 
cartographic summary of the fate of the polonium fuel for 
both successful and aborted missions has been made. Sixty- 
five specific cases of successful and aborted missions are re- 
solved into seven general cases. 


Snap III (8) produces power from the heat evolved in the 
radioactive decay of Po?!. When launched into orbit, the 
generator contains about 0.489 gm of Po?” fuel, with an ac- 
tivity of 2200 curies. This provides 69 w of thermal power 
which, at a conversion efficiency of about 5%, will result in a 
3.5-w electrical power output. The activity of Po?” falls 
off exponentially to half its original value in 138.4 days. 

In the Snap III, the fuel is divided equally between two 
capsules. Both capsules are made of Type 304 SS. The 
two fuel capsules are placed in an SS canister, which is closed 
by welding. A heavy vessel made of the cobalt-base alloy, 
Haynes 25, contains the primary capsules and canister (Fig. 
1). Haynes 25 provides the mechanical strength and cor- 
rosion resistance necessary to insure containment of the fuel 
under any condition encountered during manufacture, trans- 
portation, and installation of the generator. The outer sur- 
face of the Haynes 25 vessel has a temperature of about 
1100°F (593°C). The interior temperature is slightly higher 
and well above the melting point of polonium. 

The hot junctions of the 27 pairs of lead telluride thermo- 
electric elements are placed against the Haynes 25 vessel. 
The cold junctions are held in contact shoes that extend to 
the surface of the generator. The massive Haynes 25 vessel 
and the assembly of thermoelectric elements are held in place 
by rigid heat-insulating material, and voids are filled with 
powdered insulation. 

The generator is encased in a nearly spherical shell of 
copper (Fig. 2). This shell is composed of segments soldered 
together so the seams will open and allow the insulation and 
thermoelectric elements to fall away, exposing the core. 
This procedure promotes burnup upon re-entry after an 
aborted satellite mission or after orbital decay following a 
successful mission. 

At the time of encapsulation, each fuel capsule will con- 
tain 0.2446 gm, or 1.165 mole of The 
oécupies a volume of 0.027 cm’, leaving a void in each 
capsule of 0.252 em*. The void is provided for the helium 
produced by the radioactive decay of the fuel. The evolu- 
tion of helium tends to increase the pressure within the 
capsule, but the decrease in temperature has the opposite 
effect. At 290 days, the temperature is 160°C and the pres- 
sure is 126 atm, or 1850 psi. 

The Haynes 25 containment vessel is able to withstand 
many times this internal pressure. When tested at tempera- 
tures from 1100° to 1700°F, there was no failure under 
a pressure of 30,000 psi after 640 hr (4). 


4 Fueled at the Martin Co. 
5 Numbers in parentheses indicate References at end of paper. 
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The Snap III generator would be carried on a satellite 
mission by a vehicle consisting of a conventional ICBM or 
IRBM booster stage wedded to a final injection stage that 
also serves as the satellite. Typical boosters are fueled 
with RP-1 and liquid oxygen, and the injection stage is fueled 
with unsymmetrical dimethylhydrazine (UDMH) and in- 
hibited red fuming nitric acid (IRFNA). 

The booster for this study was assumed to be a single- 
stage system that places the final stage to an altitude of 500, 
000 ft and a velocity of about 13,000 fps. At this point, 
Vernier rockets fire for several seconds to adjust the flight 
attitude of the vehicle. The final stage separates from the 
exhausted booster stage and coasts to an altitude of 1,380,000 
ft when it ignites and thrusts for about 120 see to accelerate 
the satellite to orbital velocity. 

The satellite consists of the final stage engine, empty 
propellant tanks, and the payload, which is located in the 
forward equipment compartment. Because of inherent 
system weight limitations, the satellite structure is relatively 
light, consisting of structural members up to 0.25-in. thick- 
ness and skins up to 0.1 in., generally made of magnesium 
and aluminum. | 
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Properties of Polonium 


Polonium-210 has aroused interest as a source of thermal 
energy because of its high power density. This isotope is a 
member of the naturally occurring uranium series and was 
first designated Radium F. The equilibrium ratio of natural 
uranium to natural polonium is 1.10 X 107% Polonium 
occurs in Earth’s crust at the rate of 3 X 107” gm/metric 
ton. 


a! 
Physical Properties 


Polonium is a metal that melts between 252° and 262°C 
and boils at about 962°C. It has a high vapor pressure at 
temperatures well below its boiling point. Its heat of 
vaporization is about 25,600 cal/mole. 


Chemical Properties 


Polonium usually exhibits a valence of four but forms a few 
compounds in which its valence is two. The known oxide is 
PoO.. Both the dichloride and the tetrachloride have been 
prepared. Polonium enters into complex ions, in several cases, 
as a constituent of the cation. The solubility of polonium 
oxide in common solvents varies widely, and the results 
found by various experiments do not alwaysagree. = 


iy 


Radiochemical Properties 
Polonium-210, the principal isotope of the element, is a 
member of the naturally occurring uranium, or 4n + 2, radio- 
active series, which includes and Ra**, the principal 
isotopes of these elements. The end of the series is stable 
Pb™®, 
Polonium-210 has a half life of 138.39 days and decays by 
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In 99.9988% of the disinte- 
In the 
remaining 0.0012% of the disintegrations, a 4.5-mev alpha 


the emission of alpha particles. 
grations, the alpha particle has an energy of 5.3 mev. 


is accompanied by a 0.8-mev gamma photon. This is the 
most nearly pure alpha radiation given by any radionuclide 
that is useful for power purposes. The radiation due to the 
gamma photons is about 0.006 mr/hr at 1 m from a bare un- 
shielded source of 1-curie activity. The radiation level 2 
in. from the generator surface is 400 mr/hr for a gamma 
source and 10.6 mrem/hr for a neutron source. 

Polonium-210 is now produced artificially by neutron 
irradiation of bismuth in a nuclear reactor. The isotope 
33Bi, which constitutes practically 100% of natural bis- 
muth, undergoes a neutron-gamma reaction to produce 
g3Bi2, This nuclide, with a 5-day half life, decays by beta 
emission, forming g:Po?". 

¥ 
+ —» 831219 —> 
5 days 
While this reaction does not produce large amounts of Po?”, 
it is more feasible economically than the separation of the 
isotope from natural sources. 

One curie of activity is produced by 2.225 X 1074 gm of 
pure Po”, and 3.15 X 10~? w of thermal energy is released; 
the specific power is about 141 w/gm. Because it is almost 
exclusively an alpha emitter, requiring little shielding, and 
because it produces power at a high rate, Po?" is an excellent 


source of radioisotopic power. a 


The gamma radiation from Po?! is so small that the 
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thermoelectric elements and supporting structure attenuate _ 


its effect to tolerable levels in the Snap III generator. Alpha 
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Final-stage ignition 


Final-stage burnout 


Altitude 


Guidance failure at 
final-stage ignition 


Successful mission 


275 -mile orbit 


Guidance failure late 
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Propulsion — 
failure late in 
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Aerodynamic 
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radiation is almost entirely absorbed in less than a liniasesial 


inch of the inner container. Consequently, potential radio- 
biological hazards can arise only if the fuel is released in a 
form in which it can enter the body by inhalation or by in- 
gestion with food or water. 


Successful Missions : 
For purposes of analyses, a successful mission was assumed 
to be a circular polar orbit at 275 statute miles altitude. 
Thus, launch was considered to be from the Point Arguello 
complex of the Pacific Missile Range. Satellite lifetime is a 
function of type of orbit and the shape of the satellite body. 
Using present day satellites capable of using Snap III gener- 
ators, a lifetime of 365 days is expected. Thus, at the time 
of the satellite’s re-entry, radioactive decay would have re- 
duced the activity level of the fuel to 16% (356 curies) of the 
original amount. 


Re-Entry From Orbit 


Orbital altitude reduction is a continuous process because 
aerodynamic forces are acting on the body from the time it is 
injected into orbit. The lifetime of the orbit is a function of 
the eccentricity and altitude of the orbit and the shape of the 
satellite vehicle. The altitude of the orbit will be slowly 
reduced; when an altitude of 375,000 ft is reached, aero- 
dynamic heating and dynamic pressure forces become sig- 
nificant. At this altitude, the fuel can be dispersed as aero- 
sols by the eject-destruct system (1). The fuel would be 
completely dispersed above 100,000 ft, resulting in world-wide 
dispersion of the polonium. 


Aerodynamic Analysis 


In the aerothermodynamic analysis, it was assumed that 
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the satellite structure was destroyed by aerodynamic and 
mechanical forces, releasing the generator to the air stream. 

Fig. 3 shows the re-entry trajectory and the aerodynamic 
heating rate experienced by the generator shell and fuel 
capsule. The generator and fuel capsule were assumed to be 
spinning, and the developed stagnation heating was inte- 
grated over the entire surface of the unit. A point on the 
surface of the spinning body heats at a rate approximately 
35% of the stagnation heating rate. The generator shell was 
ablated at an altitude of 256,000 ft. The aerodynamic 
heating rate is inversely proportional to the square root 
of the radius of curvature of the re-entering body. There is, 
therefore, a steep increase in the heating rate for the smaller 
fuel capsule at the time of its exposure. The Haynes 25 
capsule will be heated and completely ablated at an altitude 
of 228,000 ft. The polonium, whose boiling point of 962°C 
is lower than the melting point of the surrounding capsule, 
will be dispersed as a vapor of molecular particle size. 

The satellite will have a lifetime of approximately 365 
days at the design orbital altitude. Failure of the launching 
vehicle to yield nominal performance will make it possible 
for the satellite to enter into orbits having shorter life times. 
Sixty-five re-entry trajectories resulting from malfunction 
of the launching vehicle have been determined. Of these 
trajectories, 10 will produce short-term orbits and not re-enter 
until after several or many orbital cycles have elapsed. 
Though the re-entry trajectories and the aerodynamic heating 
rates resulting from these postulated launch aborts are similar 
to those shown in Fig. 3, the polonium inventory will vary. 


Aborted Missions 


It is desired that during any re-entry the fuel capsule 
will either remain intact or be aerothermodynamically con- 
sumed at high altitude. In some aborts occurring during a 
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limited period of the final-stage operation, however, the cap- 
sule is only partially consumed because of insufficient aero- 
dynamic heating. An analysis has been performed to de- 
termine the fate of the fuel and fuel capsule after malfunction 
of the booster vehicle or the orbital injection stage. A typical 
launching vehicle, capable of injecting several hundred 
pounds of payload into a low altitude orbit, has been con- 
sidered for this study. The vehicle has one stage of boost 


stage. For the vehicle under consideration, this will extend 
from 15 to approximately 500 sec after liftoff, the time of 
final stage ignition. This portion of the trajectory has 
several critical phases where failures should be considered. 
Maximum dynamic pressure occurs at an altitude of ap- 
proximately 40,000 ft and a velocity of about 1500 fps. 
Aerodynamic loads subject the control surfaces to the most 
severe loading at this time. Several past missile firings have 


and a coasting period followed by an orbital injection me > failed during this period, and their points of impact were 
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Potential malfunctions of the launching vehicle have been 
defined by analytical comparison of the failures of past 
missile and satellite vehicles with the characteristics of the 
assumed vehicle (Fig. 4). A series of tests simulating launch 
vehicle failures has been used to determine the destructive 
forces to be experienced by the Snap III generator. Addi- 
tional tests were conducted to determine the integrity of the 
fuel capsule under the loads that would result from impact 
of the capsule against Earth at high velocities (simulating the 
terminal velocity of the capsule during re-entry) and to de- 
termine the validity of the aerothermodynamic calculations 
(plasma jet experimentation). 


Launch failures 


Launch failures are broadly defined as those that occur 
either on or directly above the launch pad. They are 
timed several minutes prior to liftoff and end approximately 
15 sec after the vehicle is airborne. This specifically excludes 
minor electronic and mechanical failures that interrupt the 
countdown. The maximum height considered for launch 
failures is 1000 ft. The trajectory calculations and the 
location of the dispersion area of vehicle remnants in case of 
abort are greatly simplified, as the velocity of the vehicle 
has no horizontal component throughout this period. Launch 
failures are subdivided into propellant tank, propulsion, and/ 
or guidance failures. 


Ascent failures 


The ascent portion of the trajectory is that segment be- 
tween the end of launch and ignition of the orbital injection 


Table 1 Fate of fuel 
Type of Fuel 
Category failure Fate of fuel recovery 
Impact on land launch, contained yes 
ascent 
Impact in shallow ascent contained yes 
water 
Impact in deep ascent, contained no 
water final stage effectively 
Partial ablation of finalstage hydrospheric no 
fuel core impact on dissemi- 
surface of ocean nation 
and fracture, 
releasing fuel 
Partial ablation of finalstage stratospheric no 
fuel core fracture dissemi- 
at high altitude nation 
due to internal gas 
pressures 
Prompt re-entry, final stage stratospheric no 
burnup dissemi- 
nation 
Into orbit final stage stratospheric no 
dissemi- 
nation 


within a distance of less than 5 miles from the point of launch. 
- The point of booster separation is a major area of trajec- 
tory malfunction. The danger of interaction between the 
two stages is great and could result in damage to the second- 
stage engine, propellant tankage, and/or guidance system. 
A severe bump between stages can damage the nozzle of the 
second-stage rocket or cause the attitude of this stage to be 
misaligned so that large control moments may be necessary 
to return the vehicle to the programmed course. A failure 
at booster separation will cause the complete vehicle to im- 
pact downrange at approximately 2000 miles. -_ 


| 


Failure during final stage ignition and during its thrusting 
period is critical because of the generation of aerodynamic 
heating on the re-entering bodies. Failures are generally 
restricted to: 1) propulsion failure—either failure to ignite 
or failure after ignition; and 2) guidance failure. The prob- 
ability of these malfunctions occurring is discussed in the 
next section. 

A complex sequence of events must occur for final stage 
ignition. Thrust terminations were assumed at various times 
after ignition of the final stage. They were at 0, 28, 58, 88, 
98, 108, and 113 sec after final stage ignition. 

Failures in the guidance system during final stage opera- 
tion will produce the greatest deviation from the planned 
trajectory. Though most large final stage rocket systems 
include redundant destruct systems with highly reliable 
operation, all possible re-entries resulting from this failure 
were investigated. As there is a possibility of such failures, 
this analysis must be conducted. 

The final stage was analyzed for both pitch and yaw mis- 
alignments during stage operation, as a means of duplicating 
actual re-entry trajectories. Misalignment was simulated by 
instantaneous deflection of the vehicle in the pitch and yaw 
directions at various times from ignition, with continuous 
thrusting of the rocket after the misalignment. Thus, the 
widest possible impact area for this vehicle was achieved. 


Final stage failure 


Forces Imposed on Generator by Aborted Missions 


The forces imposed on the generator by aborts along the 
launching trajectory result from three sources. They are 
thermal, mechanical, or chemical reactions. The degree to 
which they affect the generator depends on the time when 
the vehicle malfunctions. re 


Launch failures 


A failure during launch will result in spilling propellant 
on the launch pad and the surrounding area. Present day 
large boosters use liquid oxygen and RP-1 (kerosene) as 
propellant. Upon detonation, sufficient thermal and me- 
chanical energy is released to create a possible Po?! release 
mechanism (5). 

The oxidizer from the basement booster will quickly va- 
porize, but the fuel will cause a severe fire. A distinct fire- 
ball will form and will be aggravated by the release and 
combustion of the final stage fuel. After a short period of 
time, the structural members of the vehicle may ignite and 
burn at a much higher temperature than the fuel fire. If the 
Snap III generator is located in the center of the wreckage, 
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it will experience the thermal effects of the fire for a period 
of 20 min. A test program was conducted to determine the 
effects of thermal and mechanical forces on the thermo-electric 
generator and fuel capsule in the event of launch aborts. 
Five generator assemblies and three fuel cores were exposed 
to a thermal environment equivalent to a ICBM booster 
burning on the launch pad. In all cases, the fuel element was 
contained within the designed structure. 

The impulsive force resulting from shock-pressure waves 
originating from the igniting of the liquid oxygen and RP-1 
has been determined analytically by methods derived from 
tests involving TNT. Initial analysis showed that shock 
loads from these fuels will produce forces equivalent to 77% 
TNT. Later studies by STL developed empirical relations 
for the prediction of shock overpressures from LOX-RP-1 
at radial distances from the point of origin. 

The Snap III generator was tested under simulated vehicle- 
abort conditions at Aberdeen Proving Grounds. In these 
tests, fuel cores and generators were subjected to a shock 
overpressure of 1020 psi at an appropriately scaled distance 
from a 1650-lb TNT charge. The core material was Haynes 
25 alloy, but similar cores were also constructed from graded 
aluminum for use in this test. Even the lowest grade alu- 
minum core maintained its mechanical integrity. 

A malfunction during the launch portion of the trajectory 
would cause the vehicle and thermoelectric generator to im- 
pact downrange at a distance of less than 5 miles from the 
launch point. This would cause impact of the fuel capsule 
in ground within the PMR range safety zone. During the fire 
test previously summarized, the fuel capsule was exposed to 
nitric acid and liquid oxygen; it withstood these attacks with 
no noticeable damage. Concentrated nitric acid will corrode 
Haynes 25 at the rate of 0.046 in./yr, but it is inconceivable 
that the capsule will be immersed in the acid for a period 
longer than a few days. Therefore, it is not expected that 
ground impact could result in significant corrosion damage to 
the fuel capsule. 
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Fig. 5 Snap III re-entry trajectory after failure to ignite final stage 


The types of failures that occur during the ascent period 
are very similar to the launch failures described prior and 
to the final stage failures described later. The amount of 
propellant available for thermal energy during abort is 
rapidly decreasing, and the effect of the high velocity at the 
time of abort will cause dissemination of the fire from the 
capsule. The fuel cores will impact at their terminal velocities 
at distances up to 2000 miles from the point of launch. 

The effect of thermal energy released by the detonation of 
the launch boosters during the ascent portion of the trajectory 
is not so severe as the same effect during an on-pad abort. 
This results because the booster is continuously expending 
its propellant during ascent, and the effects of the velocity 
and aerodynamic forces would aid in the separation of the 
generator unit from the resulting fireball. 

The aerothermodynamic effect on the generator increases 
during re-entries following aborts in the latter portion of the 
ascent phase of the trajectory but never damages the outer 
shell. 

The impulse loads arising from impact against rigid tar- 
gets have been determined analytically and proof tested by 
high speed rocket sled tests. The purpose of the tests was to 
determine the degree of damage and the mode of failure of 
the specimens. Four target materials were chosen to simu- 
late actual targets on Earth’s surface: granite, consolidated 
and unconsolidated rock, and water. In impact against 
granite, which is a rigid material, all of the energy is absorbed 
by the specimen. If the specimens can survive granite im- 
pact, the other target media will not cause damage. 

Chemical forces exerted on the generator would result 
from the red fuming nitric acid (IRFNA) used as a fuel for 
the final stage rocket. The fuel cores could be exposed to 
the acid upon ground impact after a malfunction during pitch- 
over or at maximum dynamic pressure. It is inconceivable, 
however, that the core would lie immersed in a pool of acid 


1749 


| 
| 
| 
> 
| | 
} 
| 
| j 
| | 
>, | 
| 
| 
| | 
——— 
4 
a 


y 


Typical Boost” 


\safety Zone 


Fig. 6a Snap III impact areas ; 


for any great length of time. In the event of a later abort 
during ascent, the fuel core would impact on the Pacific Ocean 
and sink to the bottom. The Haynes 25 outer vessel has a 
thickness of 0.1875 in. Since the sea water corrosion rate of 
Haynes 25 is 14.0 mils/yr, more than 13 years will be required 
for penetration of the first wall. At this time, the activity 
level of the enclosed fuel will have decreased to a negligible 
amount. If the penetration of the other two walls is con- 
sidered, then the time required for fuel release by sea water 
corrosion is of the order of 25 years. 


Final stage failures 


Forces imposed on the thermoelectric generator by final 
stage failure originate from either aerodynamic heating 
during re-entry or core impact on the surface of Earth. The 
core is designed to burn up during re-entry from a successful 
orbit. It is also desired that the core sustain an abort during 
the launching period and re-enter intact. These design 
features are not compatible, as there are some re-entries 
following final stage aborts in which the capsule is completely 
or partially ablated by aerodynamic heat. Ablation occurs 
in an area that is far downrange of the launch complex and 
has essentially a zero population density. The thermal, 
mechanical, and chemical forces experienced by the generator 
during this abort period are discussed here. Table 1 sum- 
marizes the analytical study of the final stage rocket failures. 

The fire resulting from the final stage abort will cause no 
damage to the fuel core. Thermal forces from propellant 
fires are most severe during on-pad failure, and it has been 
shown that the fuel capsule can survive this excursion. 

Aerodynamic heating during final stage failure has a wide 
range of effects on the core material. It is assumed that the 
generator is released at 375,000 ft during its re-entry. Failure 
of the final stage to ignite results in an undamaged generator 
impact near the Equator. The re-entry trajectory and the 
resulting aerodynamic heating are shown in Fig. 5. This 
type of failure has the highest probability of occurrence. 
The fate of the fuel core is dependent on the programmed 
velocity contribution of the final stage. The initial velocity 
at final stage is 10,990 fps, too low to induce sufficient aero- 
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dynamic heating. 

A propulsion failure after 98 sec of final stage thrusting, 
83% of the scheduled thrusting period, results in generator 
melting and partial fuel core ablation. The core is 18% 
consumed, and the remnant impacts in the South Pacific 
Ocean, fracturing on contact. A propulsion failure very late 
in the final stage period, after 96% of the total scheduled 
thrusting time, results in the complete melting of the fuel 
core and the initial dispersion of the fuel at an altitude of 
147,000 ft. 

Guidance failures that cause deflection of the vehicle and/or 
the rocket line of thrust axis with respect to the velocity vector 
result in a complete spectrum of conditions. Thirty-two 
cases of pitch-deflection failure were considered. The time 
of guidance failure was considered from the point of final 
stage ignition to near the end of the thrusting period. Of 
the failures studies, four enter into a short-lived orbit, 10 
are completely melted at altitudes above 100,000 ft, two im- 
pact after partial burnup, and the remaining 16 impact be- 
fore any melting occurs. 

Failures in the yaw direction result in the widest lateral 
displacement of the fuel cores or their remnants. Twenty- 
six cases of such aborts were considered. Of these, six enter 
into short-lived orbits, 11 are completely melted at altitudes 
above 100,000 ft, four are partially consumed, and five land 
intact. 

The fuel cores that re-enter intact do not lose their integrity 
in impact on rigid media at terminal velocity. No aborts 
occurring during the final stage period result in land impacts. 
Of the 65 aborts considered, 33 impact on sea water; of these, 
25 are not affected by aerodynamic heating. Only eight are 
partially melted when impact occurs. 

The only chemical reaction experienced by the fuel core 
from a final stage abort is sea water corrosion. It has been 
described for the aborts that occur during the ascent portion 
of the trajectory. It was shown that more than 13 years of 
corrosion will be necessary to completely penetrate the cap- 
sule. If the capsule is partially ablated by aerodynamic 
heating at the time of impact, it either will sink and begin to 
corrode or will fracture at impact. 
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Fate of Fuel 


Generally, for any mission, the fate of the fuel can be cate- 
gorized as shown in Table 1. 

The re-entry from a successful mission would result in the 
fuel being ablated and dispersed as molecular particles in 
the upper atmosphere at an altitude of 228,000 ft. The 
activity of the Po?” would be 356 curies at this time, and 75% 
of it would be deposited in the Temperate Zone of the hemi- 
sphere in which it is released with an 8-month mean residence 
time; the resultant peak ground concentration would be 
0.63 puc/m?, and it would occur 146 days after re-entry 
(6-8). The gamma dose rate in the fallout field correspond- 
ing to the peak concentration is 1.8 X 1077 millirad/hr. 

During an aborted mission, the fuel would be: 1) contained 
after impacting on Earth’s surface; 2) dispersed due to partial 
ablation of the fuel core; or 3) dispersed at high altitudes as 
acrosols. 

Generally, those aborts resulting during the launch or the 
early part of the ascent trajectory would probably be en- 
tangled in the partially breached generator shell. The core 
would be intact in all cases, precluding contamination of 
the launch complex and environs. 

The design philosophy, requiring either that the fuel 
core be completely melted and dispersed at high altitude for 
a postorbital re-entry or that the core return intact following 
an abort, creates a condition in which the core may be only 
partially melted at the end of the heating period (at approxi- 
mately 100,000 ft). This occurs in eight of the cases con- 
sidered. The fate of the fuel will depend on the degree of 
damage to the core. A core that has been only slightly af- 
fected by ablation will impact and probably fracture on the 
surface of Earth. In all of these cases, the core lands only 
on water areas. Local contamination of the sea will result 
but will be negligible because of the vast amount of water 
available. A core that is severely but not completely ablated 
will fail at altitude because of the internal pressure exerted 
by the encapsulated gases (Po?", He) produced during the 
natural decay of the element. Fracturing of the core will 
result in the release of the fuel at the base of the stratosphere. 
It will disperse throughout the world, but mainly in the 
hemisphere in which it is released. 

Most of the propulsion failures that occur in the final 
stage thrusting period and the guidance malfunctions result 
in aerothermodynamic consumption of the core at high alti- 
tude. Of the cases considered, 22 are so consumed. The 
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resultant peak ground concentration for an aborted mission 
and complete burnup at high altitude is 3.86 puc/m?. 
This again assumes an 8-month mean residence time. 

These malfunctions are shown on the polar projection map 
of Fig. 6. Two distinct boundaries are outlined. The first, 
labeled Intact Impact Zone, is the area in which the generator 
and/or fuel core will impact and retain the integrity of the 
core. Superimposed on this zone, and overlapping it just 
south of the Equator, is the region of Open Core Landing, 
an area where the fuel core will be partially consumed at 
impact and will release some of the fuel. 


Conclusions 


The fate of the polonium fuel for the mission analyzed is 
clearly defined. The fuel core will maintain its integrity for 
all launch and ascent failures. Those failures where the 
generator lands on Earth or in shallow water would be re- 
covered. Impact in deep water would be an ideal resting 
place for radioactive materials during their decay. 

Failures during final stage operation would result in all 
spectrum of cases. Of 65 cases analyzed, 25 of these resulted 
in an intact landing, 8 in partial ablation, 22 in complete 
ablation, and 10 entered in a low altitude orbit. In the latter 
three categories, the polonium release was shown to be 
negligible. 

It is concluded that the consequences of the use of Snap 
III generators for space missions would present a tolerable 
radiological safety program and thus be acceptable for op- 
erational use. 


References 


1 Hagis, W., ‘‘Final Safety Analysis Report for Snap III Generator,” 
The Martin Co., MND-P-2364, June 1960. 

2 Dix, G. P., ‘‘Preliminary Operational Hazards Summary Report for 
the Task 2 Generator,’’ The Martin Co., MN D-P-2184, December 1959. 

3 Dix, G. P., Dobry, T. J. and Guinn, P., ‘‘Snap III Thermoelectric 
Generator Radiological Safety Analysis,’’ The Martin Co., MND-P-2518, 
February 1959. 

4 Dobry, T. J. and Guinn, P., ‘‘Snap III Thermoelectric Generator Safe 
Handling Procedures,’’ The Martin Co., MND-P-2514, April 1959. 

5 Broadview Research Corp., ‘‘An Investigation of the Integrity of Cer- 
tain Test Assemblies Under Missile Failure Forces—Explosive Shock, 
Temperature and Oxidation Test Program,”’ RD-58-2, 1035-9, July 1958. 

6 Joint Committee on Atomic Energy, Fallout from Nuclear Weapons 
Tests, August 1959. 

7 Arnold, J. R. and Martell, E. A., “The Circulation of Isotopes,” 
Scien. Amer., vol. 201, no. 3, September 1959. 

8 Ejisenbud, M., private communication, New York Univ., Inst. of 
Industrial Medicine, May 16, 1960. 


WILLIAM H. ML ELLER! 
JAMES L. MALAKOFF? 


Grumman Aircraft Engineering 
Corp. 
Bethpage, N. Y. 


retical NASA approach for rotationally constrained, prismatic bodies impacting smooth water is 
expanded to account for the behavior of a pitching, nonprismatic vehicle penetrating rough water. 
Two re-entry vehicles are considered. With one, the final descent is by parachute, whereas the 
Results are shown for both impacting in a sea state 4 en- 
vironment. For each, normal load factors and rotational accelerations are presented for variations 
in speed, descent path, and initial attitude. The trends indicated by this approximate method 
show the parachute vehicle better suited for rough water landings. Comments are made on the 
feasibility of alleviating the glider impact by precontact maneuvers or additional landing devices. 
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UCCESSFUL completion of manned missions into 
space, of necessity, require safe re-entry and landing. 
There is a great possibility, whether through design or 
mishap, that the landing may occur in water. Of prime con- 
sideration in this final phase of the re-entry operation is the 
absolute need for a humanly tolerable environment. Such 
an environment cannot be assured without adequate knowl- 
edge of the consequences of water impact. In order to obtain 
a first approximation of these consequences, an analysis was 
undertaken using presently available state of the art methods. 
These methods were originally developed for smooth water 
landing of seaplanes with rotationally constrained, prismatic 
hulls. Certain broad assumptions were required in order to 
use these methods in the investigation of rough water impact 


of a tapered, nonprismatic, pitching re-entry vehicle. These 4 : 
are discussed in the Appendix. As test data become available, a 


the effects of these assumptions will be appraised. 

Basically, two modes of water impact can occur, both dif- 
ferent in the body shape presented to the water and the depth 
of the subsequent penetration. In one mode, penetration 
similar to seaplane impact is made with a long knifelike body. 
The other is a spearlike, plunging penetration that results in 
deep immersion. In the latter case, any forward motion of 
the body relative to the water caused by surface wind or wave 
motion can initiate a tumbling action. This tumbling in- 


stability at the initial impact could cause a subsequent im- 
pact to occur at an unfavorable body attitude. In this paper 
only the seaplane type of approach is considered. 

The spacecraft’s impacting surface may be clean or may in- 
clude landing aids, such as skis. Since any aid would increase 
mechanical complexity, add weight, and introduce still 
another design requirement for the ablation shield, it would 


Fig. 1 Vehicle planforms; dimensions, ft. Left: parachute 


descent vehicle. : Right: lifting glider vehicle 
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Fig. 2 Conical lifting re-entry vehicle 


a Table 1 Assumed body parameters 
a Parachute Lifting 
Item descent vehicle glider vehicle 
W, |b 10,000 10,000 
I, slug-sq ft 1,400 3,000 
a, ft 2.333 2.2500 
b, ft 3.917 4.00 — 
Overall length, ft 11.415 Ey | 
Beam at step, ft 10.00 8.5 
Cesx 0 1.0 at 20° 
Cu 0 0 
B, deg 15 10 


be advantageous to land the vehicle on the ablation shield 
itself. This analysis considers the case of a lifting re-entry 
vehicle impacting the water directly on the heat shield. 

The final stage of flight may be either by parachute, which 
induces a high angle descent path with little or no directional 
controllability, or by a lifting glider, with a low angle descent 
path and limited directional control. Impact of both con- 
figurations is investigated for a variety of flight paths and 
initial trim attitudes. 

A feature considered essential in this investigation is the 
inclusion of sea wave effects. Except for a few smooth water 
cases, all results are for impacts into a wave environment. 


Analysis =! 


Most published hydrodynamic impact theories consider 
penetration into initially undisturbed water. As displace- 
ment occurs, water is assumed to flow in a two-dimensional 
fashion within transverse planes. Since these methods were 
generated to accommodate seaplane hulls, where little change 
in shape occurs at the impact section, the impacting body is 
normally considered prismatic. For this type of hull, with 
large inertial resistance to rotation and short elapsed time to 
peak impact loads, the common assumption is that trim at- 
titude remains fixed during impact. 

Consistent with these assumptions, the water flow planes 
were oriented normal to the keel and fixed in space. As these 
planes are penetrated by the impacting body, a momentum 
exchange occurs between the displaced water and the body. 
The force between the water and the body was assumed de- 
pendent on the rate of change of the water momentum. A 
modification, based on aspect ratio, is normally made for the 
three-dimensional flow effects. This correction is required to 
account for the momentum contained in flow planes that have 
become part of the wake. 

The assumption that attitude change does not occur is quite 
permissible in seaplane landings, whereas the compact design 
and size of lifting re-entry vehicles introduces a very small 
mass rotational inertia and necessitates the consideration of 
rotational freedom. 

To obtain a consistent definition of that portion of water to . 
which the body momentum is transferred (water virtual 
mass), most methods resort to assumptions that are functions 
of body shape. A large amount of published data is available 
for V-shaped prismatic hulls. Although the spacecraft en- 
visioned will actually have conical or slightly curved ablation 
shields, these shapes were approximated in the transverse 
direction by V-wedges. Fair correlation with test of such an 
approach is shown in (5).3 The use of a prismatic shape 
longitudinally is unrealistic for short stubby spacecraft. The 
longitudinal characteristics of the impacting surface are there- 
fore accounted for by finite changes in curvature and tapering 


_ § Numbers in parentheses indicate References at end of paper. 
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Fig. 3 Sample time histories for parachute descent impact 


planform. oe (2, 4). However, the results to be presented use models for 

Sea state effects were introduced by allowing the normally which no experimental verification is presently available. 
smooth surface of water to assume a distance and time-de- The applicable detailed description of the tractable mathe- 
pendent shape. For simplicity, sinusoidal waves with water matical model defining the body shape, virtual mass, and 
particle motion were chosen, the characterizing parameters wave motion is shown in the Appendix. Also found in this 
being crest to trough height and wavelength. section are the equations of motion, the solution of which 

Aerodynamic lift and moment forces are included to repre- provides the results to be presented. es 
sent adequately the lifting glider configuration. The omission 
of the aerodynamic drag force is consistent with the assump- Results 
tion that the water load includes no viscous effect. 

A consistent set of results may be obtained for rough water All results shown, unless otherwise noted, are for sinusoidal 
impact of a variety of re-entry vehicles by applying the waves of trough to crest height of 8 ft. This height represents 
method presented in the Appendix. As shown, the method the average height of the one third highest waves of an en- 
modifies existing approaches such that finite length, curved vironment classified as sea state 4 (6). To obtain comparable 
keels, and rotational motion are accounted for during impact values for wave impact, the wavelength to height was main- 
in waves. The analysis shows excellent agreement with tained at 20 to 1. This was altered only when wavelength 
smooth water theories for both fixed and free to trim methods effect on load factor was desired. Although it is severe, all 
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(b) Effective onset rate 


impacts, for which curves are presented, consider that vehicle 
contact occurs at the midpoint of the flank of an oncoming 
wave. 

Two configurations are involved in the present analysis. A 
comparison of some of their assumed body parameters is 
shown in Table 1 and Fig. 1. For each, a series of results was 
obtained for various initial conditions at water contact that 
essentially describes the descent path and attitude of the 
vehicle. 


Parachute Descent Vehicle 


The parachute type of vehicle investigated was representa- 
tive of the conical capsule variety. An idealization was made 
of the M2 shape (Fig. 2), which was consistent with the re- 
quired mathematical model. As shown, the conical lower sur- 
face was considered to be a V-bottom with a 15° deadrise 
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angle (angle between surface and horizontal). Except for 
longitudinal curvature at the nose, the keel remained straight. 
In order that the idealized width of the re-entry vehicle not ex- 
ceed the actual width, the V-bottom was terminated at the 
actual width. The locus of the V-bottom termination pro- 
duced the chine line. 

The results for this modified M2 re-entry vehicle are shown 
in Figs. 3-5. In all instances, the initial trim was not allowed 
to decrease to the point where the nose portion was the first to 
impact the water, and no aerodynamic forces were considered 
to be acting after contact. 

Typical time histories of normal load factor, rotational ac- 
celeration, and attitude are shown in Fig. 3. These result 
are for a constant flight path with variations in initial trim 
attitude. The horizontal velocity of 50 fps is representative 
of severe surface winds. The curves indicate that at low trim, — 
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where the greatest portion of the body contacts the water in 
the shortest time, the largest normal load occurs. However, 
at greater initial attitudes, although a reduction of peak im- 
pact occurs, the larger time to peak causes greater rotational 
effects, as the lower grids of Fig. 3 indicate. These rotational 
effects ultimately cause the body to pitch nose down, and thus 
a greater surface contacts the water. Since this contact occurs 
at a lesser body sink speed, a much reduced normal accelera- 
tion results. 

Fig. 4 presents the trends indicated by a series of parachute 
descent impacts at a constant sink speed. The variations 
considered were in forward speed and contact attitude. Pen- 
dulum action, while suspended from the parachute, could in- 
duce attitude and forward velocity changes prior to contact. 
Additional velocity effects can be caused by surface wind. 
On each curve of Fig. 4, impacts into smooth water at the 
highest forward speed are shown for comparative purposes. 
This type of impact is equivalent to landing parallel to a wave 
crest. 

The variation in peak normal acceleration is shown in Fig. 
4a. The curves indicate that an increase in load factor will 
accompany an increase in forward speed and a decrease in 
initial attitude. Note the large increase over the smooth 
water trends caused by impacting a wave. It must be re- 
membered that these loads act on the vehicle primary struc- 
ture, and the effects on the occupants may be attenuated by 
cushioning. However, to insure that attenuation occurs, 
structural integrity for these loads must exist. 

Along with the magnitude of load a human can tolerate, the 
duration and rate of buildup of this load are also of extreme 
importance. As seen in Fig. 3, the duration of the load 
is no more than 10 millisec. Fig. 4b presents an effective 
buildup or onset rate which accompanies the accelerations 
shown in Fig. 4a. The variation of this rate with forward 
speed and contact attitude is similar to that of the peak ac- 
celerations. One startling difference is evident, that is, the 
rapid increase in this rate as trim decreases below 20°. At 
contact attitudes above 20° the predominant effect is pro- 
duced by changing forward speed. For reference purposes, a 
commonly quoted injury threshold rate is shown (11). For 
the vehicle in question, indications are that for contact at- 
titudes above 15° this configuration does not undergo rates 
beyond human tolerance. 

Accompanying the translational effects discussed above are 
the rotational accelerations shown in Fig. 4c. These large 
accelerations are caused by the small inertial resistance to ro- 
tation. It is evident that an increase in forward speed causes 
an increase in both the initial nose-over rate (negative ac- 
celeration) and subsequent dynamic nose-up motion due to 
slamming. As can be seen in this figure, the peak accelera- 
tions maximize at an intermediate value of initial attitude. 
For the low trim condition, the rate of buildup of the hydro- 
dynamic load is rapid, and it is distributed along a greater 
length of keel, inducing low rotational rates. However, at 
the intermediate trim attitudes, wave size and speed ap- 
parently caused the greatest rotational acceleration for this 
particular configuration. This is evident when compared 
with the smooth water results, where a decrease in initial atti- 
tude decreased the peak rotational acceleration. It is under- 
stood that these rotational rates can be tolerated by humans, 
since they are not accompanied by large angular displace- 
ments (in the order of complete revolutions). They would un- 
doubtedly cause portions of the body to undergo intense local 
translational accelerations. 

All the results shown in Figs. 3 and 4 were for a single wave 
height, length, and point of impact. In any sea state, the 
wavelength and waveheight are independent. The assumed 
characteristic wave of sea state 4 was varied in wavelength, 
and Fig. 5 presents the effect on peak normal acceleration of 
this variation. As the crest to crest distance decreases, the 
impact becomes more severe. This is primarily due to the 


increase in wave slope at the point of impact. The effect be- 
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ACTUAL 
; Fig. 6 Lifting re-entry glider 


comes pronounced at less than 20 to 1 length to height ratios. 
A ratio of 7 to 1 is a commonly accepted minimum, below 
which wave crests cannot be maintained. 

Although the most adverse conditions for wave landing 
were considered, several impacts were made to note the ef- 
fects of landing in a following sea or at various locations in an 
oncoming sea. For an impact with the initial conditions of the 
severest case shown in Fig. 4 (Vz = 50 fps, % = 10°), but 
occurring in a following sea, a reduction of peak normal ac- 
celeration from 43 to 25 g was realized. An even greater re- 
duction occurred when the vehicle impacted an oncoming 
wave on a retreating flank. The wave slope and vehicle trim 
produce the greatest angular difference for this condition. 
Such an impact produced only 10 g compared with the pre- 
viously mentioned values. 


| 


Lifting Glider Vehicle 


The second re-entry vehicle investigated was a lifting glider 
that achieved a low, flat descent because of its subsonic aero- 
dynamic capabilities. This type of descent is possible, as 
shown in the power-off landing techniques of (7). Fig. 6 
shows a typical model of such a glider and the idealization 
used for water impact. Because of the very noticeable lack of 
transverse curvature, only 10° of deadrise was considered for 
this idealized V-bottom. However, in contrast to the conically 
shaped vehicle, almost the entire keel length was given longi- 
tudinal curvature. Once again a chine line was established 
to control the extent of the body width. The results of 
water impact of this vehicle are shown in Figs. 7 and 8. Notice 
that on both figures impacts occurred ati trim was 
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less than the wave slope, since the keel longitudinal curvature 
prevented nose-first plunging. For each impact, aerodynamic 
lift acted throughout the period of water contact. The aero- 
dynamic characteristic used was modeled after studies shown 
in (8). 

Time histories of a series of typical impacts for the glider 
vehicle are shown in Fig. 7. These results are for three land- 
ings with different initial attitudes and a constant glide path. 
Besides presenting normal and rotational acceleration and 
attitude, vertical translational velocity is shown. It is ap- 
parent that at some low angle of initial trim the greatest nor- 
mal acceleration occurs. In contrast to the trends indicated 
in Fig. 3, an increase in attitude does not appreciably increase 
the time to peak. This is directly attributable to immersing 
with severe forward velocity. Except for the low angle im- 
pact where bow contact occurred first, the initial tendency is 
for severe nose-down rotational accelerations with nose-up 
righting accelerations subsequently occurring. On the third 
grid of Fig. 7, attitude changes with time are shown. In each 
case, the initial effect of impact was to cause rotation 
towards the wave slope angle, 8.9°, followed by a subsequent 
increase from this position to a higher angle as the hull pro- 
gresses up the wave flank. The translational vertical velocity 
is shown in the lowest grid of Fig. 7. The trends in all in- 
stances indicate the large rebound tendencies of a high forward 
speed impact. This may be attributed to the vertical force 
generated on the body by forward motion through the water. 
This force greatly exceeds that required to stop the initial 
sinking speed. 

The effects of variations in initial trim attitudes and sink 
speeds on peak normal, longitudinal, and rotational accelera- 
tions for the constant forward speed lifting re-entry glider are 
shown in Fig. 8. These variations are caused by vehicle pitch 
control. For comparative purposes, impacts into smooth 
water at a 10-fps sink rate are shown. 

Fig. 8a, peak normal accelerations, shows a definite increase 
for increased sink speeds. Decreasing trim has this effect also, 
until severe bow impact occurs at very low trim angles. In 
the bow impact range, a decrease in load for a decrease in trim 
is evident. However, regardless of the attitude or sink speed, 
the magnitudes of these rigid body accelerations are awesome. 

The corresponding longitudinal acceleration caused by 
penetration of the curved keel is shown in Fig. 8b. An in- 
crease in sink speed and a decrease in initial trim cause 
an increase in the peak longitudinal acceleration. The more 
severe rate of increase at the lower attitudes is caused by the 
-arlier immersion of the bow. 

The rotational effects, in the form of accelerations, are pre- 
sented in Fig. 8c. For the anticipated glide paths of this 
vehicle, decreases in trim angle result in a decrease in peak 
negative rotational accelerations if the attitude is above that 
of the wave slope. However, at smaller trim angles the ac- 
celeration is positive as bow impact occurs; trim reduction at 
these low angles causes an increase in positive acceleration. 
Depending on the attitude at contact, the initial acceleration 
is positive nose-up or negative nose-down. Secondary rota- 
tional accelerations that occur are opposite in direction to 
those of the initial accelerations and exhibit essentially the 
same variations with trim at reduced magnitudes. 


Concluding Remarks 


This investigation of the consequences of water landing of 
a lifting re-entry vehicle indicates that the sea is a hostile en- 
vironment. However, for vehicles with no auxiliary landing 
devices, rough water landings following a parachute descent 
appear to be humanly tolerable. If, either by chance or con- 
trol, impact occurs in a following sea, at a better position in an 
oncoming sea, or parallel to a wave crest (smooth water), the 
impact load factors and onset rates are reduced. 

This type of control seems more possible in the lifting glider 
configuration. However, two basic items concerning the 
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water impact of such a vehicle in rough seas must be over- 
come. First, landing devices must be used to minimize the 
impact load factor, and second, some stabilizing components 
must be found to restrict or preferably eliminate rebound. 

The consequences of the assumptions made to use presently 
available hydrodynamic theory to obtain a first approxima- 
tion of impact effects have not been appraised. This evalua- 
tion will be made as experimental data become available. In 
any event, the load factors and accelerations as shown 
throughout this paper are for a rigid vehicle. These would 
undoubtedly be reduced by energy absorbing structure be- 
tween the impacting ablation shield and the inner stucture. 
Further attenuation of the loads and motions felt by the 
occupants could occur by means of their support system. 

Since the possibility of water impact exists for manned re- 
entry vehicles, the investigation should be continued using 
other approaches to the problem. In this regard, impacts with 
deep plunging penetrations or with auxiliary landing devices 
should be examined. 

Of prime importance in any re-entry landing is the safety 
of the occupants. To provide this safety, internal support 
systems must be considered. Analysis of these more complex 
configurations should be developed until the severity of water 
impact is reduced to tolerable levels. 


Appendix 


The analytic model for water impact is shown in Fig. 9. 
The forces considered in this three degree of freedom system 
are indicated in Fig. 9a. 


Aerodynamic Forces 


With the aerodynamic parameters C;, and Cy assumed 
measured at the body center of gravity and functions of the 
angle of attack, the aerodynamic forces become 


L (1/2) pal[(X V sw)? + 


Ma = (1/2)pa[(X — Vsw)? + Z?|SiCuC 
where 
a=0+avr- Yr 
and 


tan yw = Z/(X — 


Aerodynamic drag is considered negligible during impact. 


Hydrodynamic Forces 


The theory discussed in (1-3) is based on the concept that 
flow occurs in transverse planes that are fixed in space and 
oriented normal to a straight keel. Fluid motion in each plane 
is treated separately, independent of other planes. This two- 
dimensional effect, when summed over the entire immersed 
surface and corrected for end losses, yields the total penetra- 
tion resistance. For this type of fluid motion, all viscosity 
effects are assumed negligible. 

In the analysis which follows, the same general concepts 
are considered with several exceptions: 

1 Flow planes are allowed to rotate about instant centers, 
located at the intersection of the flow plane and the keel. 
These planes remain normal to the keel while it rotates out do 
not translate in space along the line of the keel. This assump- 
tion is the basis of the method outlined in (4). 

2 In contrast to (4), the present analysis does not consider 
all flow planes parallel, since longitudinal curvature of the 
kee] exists. It has been assumed that this overlap of planes 
causes no loss or increase in the reaction within a plane. Such 
an approach has been used in an impact investigation of boat 
hulls (10). 

3 Although the transverse body plane is considered V- 
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shaped, as in the above references, it is not prismatic; the plane is considered to be dependent on the rate of change of 
effect of the additional three-dimensional flow caused by taper momentum of an associated virtual water mass (1-3) 
has been neglected. 


4 The undisturbed water surface is considered to be = Ar ime, 


sinusoidal in shape with fluid particle motion. : ay 
The body and spacial geometry for a single idealized flow ane ee ede? Cea 
plane isshownin Fig.9b. ia The associated water mass m,,; for V-bottom shapes is (2) 
My = (1/2) — 
The hydrodynamic impact force exerted by a single flow This expression is considered applicable until the chines be- 
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come immersed, i.e. 

é; FHYD, -g2Z-WtL cos Yw 
At greater immersions the virtual mass is altered to account 
for chine immersion (3) 


Mu, = — 2cn;)/tan By + (%/2) — 


The three-dimensional correction factor (A), required be- 
cause the immersing body passes through the flow planes, is 
based on aspect ratio and is attributed to Pabst (3). Where 


A = es 
~, a DIS; Ts Fig. 9a Analytic model for water impact; external forces 
Depth K; is dependent on the degree of immersion. The 
water rise factor used to obtain this depth is based on that 
used in (2). For 0 < & < zen;* TYPICAL BODY 
K, = & tan B,[(x/28,) — 1] 
and for zex;* < &; 
K; = CH CHj 


Waves 


WAVE SURFACE 


The undisturbed free water surface is assumed to be 
sinusoidal. The time-dependent space coordinate, velocity, 


and acceleration characteristics of the wave are as follows: 


20, = —(h/2) sin Q; 
= —v cos 
Ze; = (2m/X)vc sin Q; 7 ; Fig. 9b Analytic model for water impact; idealized flow 
plane 
= cos Q; 
* 
where 
; = + ct) (W/g)% — L cos yw + W — Pryaz = 0 
= V g\/29 16 — M, — Miya = 0 
with the local wave slope Eliminating Fpyax, Fryaz, and by incorporating the ex- 
env bof 7 _ pression for virtual water mass, the equations of motion can 
= tan~![—(Am/A) cos Q;] 


Immersion depth, velocity, and acceleration x 

The net immersed depth, as shown in Fig. 9b, is dependent a 7 ga 6 

on hull and wave position. 


é be written as follows: 


where 
= (2; — [cos [(7;5 + 6) — «.]] 
The velocity of immersion is ae g + B(A) >> ma, sin? (7; + 4) 
= (X — sin (71 + 8) — (2 — (7; + 8) + 


6[(a 2's) sin + (b — z’;) cos 7;] Aiz = Ax = P(A) di sin (7; + 4) 


with a corresponding acceleration 


= ¥ sin (7; + 0) — Z cos (7; + 0) + O[(b — 2’,) cos 7; 4+ (a — 2’;) sin 71] + 


Equations of motion Az = W/g + Meg 008" (7; + 8) 
As indicated in Fig. 9a, only three degrees of freedom exist, 
and the force equilibrium for these motions may be written = An = —9(A) di cos (71 + 9) 
(W/g)X + Lsin yw + Foyax = 0 Ay = 1+ 
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F, = —Lsin yw — (A) >> Qi sin (7; + 0) + 
> fo: sin (75 + 8) 


F, = —W+Lcos yw + (A) >> cos (7; + 9) + 
>> fe: cos + 9) 


where 


Q; = Mu; { — (2a/A)ve sin(7; + 90-2) + 
&[(b — sin — (a — cos + &,(dmu,/dt) 
d; = [(6 — x’;) cos 7; + (a — 2’,) sin 7%] 


The terms m,,; and dm,,/dt must be the appropriate expres- 
sion concerning each body station 7 with regard to chine im- 
mersion. The buoyant force f,; in each plane is assumed to 
act at and normal to the keel and may be expressed as 


fis = pugSié?/tan B; 0< & < 
= — B;) Zen: < & 


For these equations, the following criteria are used con- 
cerning water load: 

1 If is negative, Fuya; = 0. 

2 If & is positive, but &; is negative, Paya: = fa. 

3 If &; is positive, £; is positive, Frya; is as appears in the 
equations of motion. 


Nomenclature 

W = weight 

I = mass rotational inertia 

"al = position on keel forward of step in body reference sys- 
tem 

ad = position on keel above step in body reference system 

x = forward position in space reference system 9 

2 = vertical position in space reference system al 

B = deadrise angle Bs. 

r = local keel angle relative to keel at step a 

zcu = height above keel of chine, normal to local keel 

2zcu* = depth of penetration at which chines become wet due to 
water rise 

a = distance between step and center of gravity, normal to 
keel at step 

b = distance between step and center of gravity, parallel to 


keel at step 
= thickness of hull increment 
= aerodynamic lift coefficient 
= aerodynamic moment coefficient 
= mean aerodynamic chord 
effective ae 


aw = wing incidence angle to body reference axis 


yw = angle of relative wind 

a = angle of attack 

immersion normal to keel hie he 

PA = mass density of air 

pw = _ mass density of water 

h = wave height, trough to crest 

A = wavelength, crest to crest 

X = forward displacement of vehicle center of gravity 

Z = vertical displacement of vehicle center of gravity 

Map = virtual water mass per unit length 

€ = local wave slope 

Fimp = water impact force 

ho = bouyant force 

6 = angular displacement of vehicle 

L = aerodynamic lift force 

M, = aerodynamic moment ’ 

Fhya = total waterforce, Fimp 

= total water moment 

Vu = horizontal velocity of vehicle 

Vs = sink velocity of vehicle -MA 

Vsw = surface wind velocity re 

B = Bobyleff coefficient (3) 

@(A) = Pabst three-dimensioal flow, aspect ratio correction 

* = du, where n is the number of flow planes penetrated by 
the body : 

Subscripts 

a = the ith keel station 7 

xX = space axis direction 

Z = space axis direction +. 
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Configuration Efficiency: a New | 
_ Measure of Ballistic Quality for a 


Grain Design 
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The concept of configuration efficiency is introduced as 
an aid in determining optimum solid rocket propellant 
Several applications of this concept illus- 
trate how configuration efficiency is used to evaluate 
A correlation between con- 


grain design. 


variations in grain design. 
figuration efficiency and propellant loading factor is in- 
dicated, although the quantity of available data is insuf- 
ficient to establish a reliable relationship. 


ELECTION of the optimum grain design for a given mis- 

sion is extremely difficult because of the interaction" be- 
tween many important design parameters. In fact, the in- 
teraction of these parameters makes design optimization 
almost a theoretical goal. 

Although many grain characteristics are adaptable to in- 
dividual consideration, neutrality and minimum sliver (the 
two characteristics most influential to maximum impulse 
production) are interdependent. Unfortunately, these 
parameters have never been quantitatively related; thus 
there is no way to measure the degree that one parameter 
could be relaxed to improve the other to obtain the best 
possible performance for the specific mission and environ- 
ment of operation. Qualitative evaluation of performance 
data without a correlation between neutrality and sliver can- 
not lead to an effective method of grain design optimization. 
This paper proposes a new grain parameter to satisfy this 


need. 


Configuration Efficiency: Definition and 
Analytical Development 


Configuration efficiency is defined as the ratio of actual 
total delivered impulse at action time to the ideal impulse 
produced if all of the original propellant is burned to deliver 
a constant maximum pressure, equivalent to the maximum 
pressure actually experienced, and expended through a nozzle 
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with an optimum expansion ratio. By means of this definition, 
oe efficiency becomes a measure of the losses 
that accrue 


as a result of deviations from a neutral, maxi- 
mum pressure performance with sliverless exhaustion. More- 
— over, configuration efficiency is a weighted measure in that it 
reveals i increases or decreases of these deviation losses due to 
operational environment. 
The steady-state mass flow relationship is expressed as 


A.C.P = A,CP"p [1] 


from which the following expression is obtained: 


A ppC 1/(1—n) 
pC 


1/(1—n) 
8 


can be assumed constant for a given propellant and nozzle.‘ 
When a grain configuration is considered that is linearly 
progressive in accordance with the following expression 


A = A,(1 + at/T;) [4] 


1/(1—n) 


the average burning area is 


A = + a/2) 


4 /(l—n 
ava 


and the average pressure is 


T; 
0 T, 
K — 2-—n)/(1l—n 
oAo (1 n) + a)? 1] [6b] 


a(2 — n) 


When the instantaneous burning area equals the average 
burning area, the pressure is 


The ratio of the average pressure to the pressure when the 
burning area equals the average burning area is 


Pi a(2 — n) (=n) [8] 


4 Effects of erosive burning and internal pressure drop on burn- 
ing rate, erosion on throat area, and residence time on mass flow 
coefficient are neglected in this derivation. 
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aan When Eq. 8 is expanded, the following power series results: 
P no? noe 
** 


When a typical value for the burning rate exponent, n = 
0.25, is substituted in the power series of Eq. 9, the result 
becomes 


= 1+ 0.0185? — 0.0185a* +... 


[9] 


[10] 


Fig. 1 Star grain design 


Fig. 3 Dendrite grain design on 
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The value of Eq. 10 indicates that P differs from P4 by only 
about 0.3%, even in the case of a 50% progressive grain. 

A similar relationship can be demonstrated between the 
average specific impulse and the specific impulse when the 
burning area is equal to the average burning area. Accord- 
ingly 


+ 1)/(27-2) 


Co 


_ when the losses due to nonoptimum nozzle expansion are 
neglected. The ideal delivered impulse, which would be ob- 
tained by expending propellant at maximum pressure or at 
maximum burning area of propellant, in equation form 
becomes 


_ Aw, V27 ( 2 


- Denoting configuration efficiency as £, then the fundamental 
configuration efficiency expression is 


Pmax 


The second two forms of the basic expression (Eq. 13) 
neglect any losses in actual delivered impulse due to non- 
optimum expansion of the nozzle. Through additional ex- 
pansion this expression can be altered to define é as a function 
of grain parameters by expressing P; and Pmax in terms of 
burning areas of propellant or, in the case of grains with con- 


stant grain length L, in terms of peripheries. 
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Through proper substitution _ 


Qva- = [14] 
CeL 1/(1 — n) 
ArCy 
= C ) Apmax!/( 
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[15] 


Then, a second equation for configuration efficiency é in terms 
of two-dimensional grain parameters is derived as a two- 
dimensional configuration efficiency expression 


- 


- » 
—n) 


Po 


= Gaal? =D) [16] 
where 
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Eqs. 16 and 17 show configuration efficiency to be a func- 
tion of atmospheric pressure P., altitude of operation, pro- 
pellant ballistic properties, and nozzle parameters. The final 
expression for configuration efficiency depends only on the 
average and maximum peripheries Q and Qmax respectively, 
on the burning rate pressure exponent n, and on the combus- 
tion gas ratio of specific heats . 

Configuration efficiency shows that conclusions about the 
appropriateness of any grain configuration for a specific 
motor cannot be generalized. Instead, careful calculations 
are required to determine the degree of optimization. 


Application of Configuration Efficiency 


The preceding section establishes expressions for configura- 
tion efficiency. Eq. 18, which defines configuration ef- 
ficiency, can be used directly to evaluate all motors having 
actual or predicted pressure-time data available. Eq. 16, 
with additional assumptions, can be used for a practical 
evaluation of two-dimensional configurations and for screen- 
ing of preliminary motor grain designs with large length to 
diameter ratios, in which head effects have only a secondary 
influence. Eq. 16 can also be used to relate configuration 
efficiency with changes in cross-sectional design for some 
typical internal burning charges such as is done in later 
analyses. 

The effects of cross-sectional design parameter changes on 
the configuration efficiency for standard star, wagonwheel, 
and dendrite designs are illustrated in the following ex- 
amples. The approach has been simplified somewhat to 
facilitate correlation of configuration efficiency with the 
parameter changes by assuming a grain of constant length 
and nominal] ballistic parameter values. These assumptions 
permit replacement of the pressure functions of the basic 
configuration efficiency equation (Eq. 13) by the functions of 
cross-sectional periphery shown in Eq. 16. Figs. 1, 2, and 3 
illustrate the example designs. For these examples, the curves 
of periphery-burn distance were evaluated and plotted as 
shown in Figs. 4, 5, and 6. 
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Fig. 7 Data plot, configuration efficiency vs. loading factor 
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EVERAL investigators (1-4)* have noted that for super- 


Correlation 


A total of 30 example grain designs were evaluated, includ- 
ing the example designs discussed in the preceding paragraph, 
to obtain a relationship between configuration efficiency, 
cross-sectional loading, and the geometrical parameters of the 
design. Twelve of these example designs had star perforated 
grains, eight had wagonwheel perforated grains, and ten had 
dendrite perforated grains. 

Generalizations about design trends cannot be made at this 
time, since the purpose of this paper is to introduce the con- 
cept of configuration efficiency and determine its analytical 


validity before promoting its general use as a design parame- 
ter for grain design optimization. Nevertheless, Fig. 7 has 
been prepared to summarize results of the study thus far. 
The configuration efficiencies of the 30 cases that ranged 
from 88 to 96% were plotted as a function of the correspond- 
ing cross-sectional loading factor, which ranged from 46 to 
90%. These figures represent only the examples selected for 
analysis in this paper. A much larger sample would be needed 
to establish limiting performance values for each design 
category. The design points obtained from the example de- 
signs of this paper have been used to establish a center for 


each design group. anat 


Design Criteria for Space Vehicles to 
Resist Wind Induced Oscillations 


A. A. EZRA! and S. BIRNBAUM? 
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critical Reynold’s numbers (Ry, > 3 X 105) the vortex — 


shedding about a cylinder is a random rather than a periodic _ 


phenomenon. The present note presents, in nondimensional 
form, the results of a series of wind tunnel investigations con- 


cerning wind induced oscillations at supercritical Reynold’s _ 


numbers. 

Also presented is a method for using these results to predict 
loads due to wind induced oscillations for cylindrical space 
vehicles with diameters large enough so that the flow is 
supercritical (Rp, > 3 X 10°). The model used was 
a three-dimensional aeroelastic model of a large liquid 
fuelled ballistic missile. Details of the dimensional analysis 
may be found in (3), whereas the test procedure and results are 
reported in (2). 

Fig. 1 shows some of the test results, presenting a nondi- 
mensional maximum moment at the base as a function of 
wind velocity, or Reynolds number, for several different nose 
shapes. It is clear that the phenomenon is three-dimensional 
and that a proper selection of nose shape can significantly re- 
duce internal loads caused by wind induced oscillations. 

Measurements of the bending moments in the drag direc- 
tion were also made. In addition to the steady state drag, 
an oscillatory drag moment was observed. This oscillatory 
moment varied from 9 to 15% of the steady state drag 
moment. Fig. 2. shows the steady state coefficient as a 
function of Reynolds number. For design purposes, 15% 
should be added to these values to provide for oscillations in 
the drag direction. 

It was noted in the course of testing that the response of the 
model was almost entirely in the first mode. The reason for 
this behavior lies in the fact that there was a relatively large 
separation between the model’s first and second modes, and 
the power spectral density of the lateral aerodynamic forces 
decreases with increasing frequency in this region. 

In order to deduce the power spectral density of the lateral 
aerodynamic forces, assume that the behavior of the model 
is described by the Euler-Bernoulli theory of beam vibrations 
and that the aerodynamic forcesaregivenby 

G(a, t) = F(x) &(t) [1] 
where &(t) is a random function of time. Then using the 
method outlined in (5), obtain for the mean-squared dis- 
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ter of the cylindrical cantilever at any station z. 


placement, shear, and bending moment response 


2 


where f(w) is the power spectral density of the input, i.e. 


EO? = fle)de [5] 


The quantities M,’(x), Mn, wn, determined by a conven- 
tional vibration analysis, are properties of the model. The 
structural damping ratio in the nth mode ¢, is determined by 
test. To determine W,, it must be assumed that 


F(z) = CqD(z) [6] 
where C is a constant similar to a dimensionless coefficient of 


lift, @ (=(*/2)pV?) the dynamic pressure, and D(x) the diame- 
Therefore 


W, 


1 L = 
= Jo (7] 


where A is the projected area of the space vehicle. 5 ; 
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Fig. 1 Lateral bending moment vs. velocity 
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At any station z, the maximum bending moment at a given oe 
wind velocity is some multiple p of the root mean square oz 
moment, say 
2 2 2 = > 
Experimental evidence shows that the value of p is approxi- S 2 
mately 3; ie., the maximum bending moment is approxi- _™ 
mately three times the root mean square value. However, S om ‘ 
the value of the total quantity p? f(w) was determined experi- se o 
mentally in the following manner. Since the model response S 10 80 6.0 
was primarily in the first mode, Eq. 8 could be approximated REYNOLDS NUMBER ~ |0~* 
by using the first term only in the series expansion; that is Fig. 2 Coefficient of static drag vs. Reynolds number for smooth 
cylinders 
a M max 9 
[ (zx) ] [ ] 
it follows from Eq. 9 that 
2. = 10 
where the right-hand side contains known quantities deter- wind]: ROUNDED Wo 
mined from wind tunnel tests or from computed model proper- | P 33 9 SPOILERS NEAR TIP 
ties. A nondimensional power spectral density can be de- | a 
termined from Eq. 10 by BUUNTT NO 
where V is the wind velocity, g the wind dynamic pressure, \ndsel 
and D a reference diameter. as od SPOWER ATP 
Limited experimental evidence (4) does not show any ap-— us 
preciable dependence of the power spectral density of the NEARITIPS? 
lateral aerodynamic forces on Reynolds number for values 


above 1 X 108. For design purposes, therefore, ¢ is con- 
sidered as a function only of the nondimensional frequency S 
when the Reynolds number exceeds this level. S is defined 
by 


Fig. 3 Power spectral density of lateral oscillatory aerodynamic 
forces 


#(S) in this paper is equal to 9C',?F(S) where C, and 
F(S) are given in (4), according to which C, is a constant and 
F(S) a function of S. 

The value of S was varied experimentally by changing the 
air velocity in the wind tunnel; the corresponding value of 
®(S) was obtained by substituting model properties and 8t— Full Missile 2 
observed maximum bending moments into the following rela- ’ 
tionship Empty Missile 0 |---- y 
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The results of this procedure are shown (Fig. 3) for the 
several nose cone configurations and spoiler arrangements 
tested. Note that with a properly shaped nose, the response 
to wind induced oscillations can be drastically lowered. 

The existence of this phenomenon was first observed in 
wind tunnel tests conducted for The Martin Co. at the Ames 
Aeronautical Laboratory in August 1958. Although this dis- 
covery was not classified, it was first reported in a classified 
paper (3) by the senior author. Data points on which Fig. 3 
is based were obtained for values of S between 0.07 and 0.22. 
The curves presented in Fig. 4 are envelope curves for design 
purposes and give values for ®(S) higher than those actually 
measured forS > 0.15. Between S = 0.15 andS = 0.22, the 
trend of the actual data points is towards decreasing ®(S). _ 0 
The envelope curves, however, have been made horizontal 0 10 20 
in this range of S values. Extrapolating the curves beyond 

'$ = 0.22 will give increasingly conservative estimates of de- 
sign bending moment. 
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Fig. 4 Comparison of full-scale predictions with measurements 
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Design Procedure 

Since the function ®(S) is nondimensional, it may be used to 
determine loads on full-scale missiles. For an actual missile, 
wind loads are computed in the following manner: 

1 From a vibration analysis determine the quantities w,, 
M,, W,., and the functions M,’(x), V.(x), and use an appro- 
priate value of £,. 

2 Select the ®(S) curve that most nearly corresponds to 
the nose shape. 

3 By using the design wind velocity, compute the nondi- 
mensional frequency S, = w,D/27V for each mode, and from 
the ®(S) curve determine the corresponding values of ®(S,). 

4 Using Eq. 13, compute = ®(S,) g?A*D/2rV. 

5 From Eq. 16, the maximum moment at any station x 
in the lift plane is given by 


4M 


[M (x) max]? = 


6 The moment at any station due to drag M(zx)arag is 
computed in the usual manner. 

7 The total bending moment at any station x is now given 


by 
A1(x)* = max + M (2) *areg 
Verification of Full-Scale Response With Predictions 


A comparison of predictions with full-scale observations of 
a large missile is shown in Fig. 4. The predictions of maxi- 
mum resultant bending moment (drag and wind induced 
oscillations combined) are based on the power spectral 
density curves of Fig. 3 and include the effect of sloshing fuel 
for the fully fueled missile. 

Bending moments were measured at the base of the missile 
by means of strain gage transducers that are an integral part 
of the missile launch system. Wind velocity was measured 
by anemometers located at four points equally spaced along 
the height of the missile. The average value of the wind 
velocity was used in calculating the predicted maximum bend- 
ing moment. It will be noted that for the full missile, two 
different maximum bending moments were obtained in ob- 
servations at the same wind velocity. The explanation for 
this anomaly is that the wind velocity profiles were nonuni- 
form, as is to be expected of winds encountered in practice, 
and different from each other. On the whole, though, agree- 
ment between prediction and observation is rather good for 
the fully loaded missile. 

For the empty missile the combination of increased natural 
frequencies and relatively lower wind velocities resulted in a 
nondimensional frequency of about 0.6, far above the range 
for which wind tunnel data are available. As previously ex- 
plained, analytical predictions in these circumstances will be 
conservative. This is confirmed by the results shown in Fig. 4 
for the empty missile. 


Conclusions 


When applying this method, certain limitations should be 
considered. The power spectral densities for lateral aerody- 
namic forces given in Fig. 3 are relatively independent of 
Reynolds number for values above 1 X 108. Nothing is known 
as yet about how the power spectral density of the lateral 


aerodynamic forces varies along the length of the cylindrical 
cantilever. An approximate compensation has been made by 
using an average value obtained experimentally from the re- 
sponse of the structure as a whole. Whereas no theoretical 
explanation exists for the tip effect, this has been provided for 
by experimentally determining a different power spectral 
density for each shape of tip. If the space vehicle is standing 
unsupported in the wake of another structure, the response 
cannot be predicted by the above method. No reliable quan- 
titative information is available as yet about the effect of sur- 
face roughness. The design curves given in this paper should 
therefore be considered only as representative of typical sur- 
face roughness common to a machined aluminum cylinder. 
The method should not take the place of a wind tunnel test 
using a dynamically similar model of the final design con- 
figuration of the space vehicle. Its greatest usefulness is in 
preliminary design work when the final configuration of a 
space vehicle has not been determined; comparative 
studies are in progress. This paper does provide a way of 
evaluating quantitatively the effect of different nose shapes 
or spoilers to reduce wind induced oscillations. The use of the 
curves of power spectral density in Fig. 3 will also reveal 
_ situations where the addition of spoilers or changes of nose 


- shape will not produce any appreciable advantage, and the 
- final solution will have to rely on increasing either the damp- 


ing or the bending strength. 


Nomenclature 
El(x) = bending stiffness at station x 
G(z,t) = external force 


M(zx, t) = beam bending moment at station z, time ¢ 
L 
= f 
0 


= 
Ss = Strouhal number; nondimensional frequency 


m(x)[¢en(x)]*%dx generalized mass in the nth mode 


V(z, t) = beam shear at station z, time t 

= E ox 

f = frequency, eps 

p = ratio of maximum bending moment to rms bending 
moment 

t = time 

u(x,t) = lateral displacement of station x, time t 

z = coordinate measuring length along the space vehicle 

#(S) = nondimensional power spectral density of the lateral 
aerodynamic forces; defined by Eq. 13 

n(x) = nth modal shape 

w = frequency, radians per second 

&n = natural frequency of the nth mode 7 
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Error Analysis for Doppler Determined 
Satellite Orbits of Other Planets 


PAULA L. COHEN! and ARMIN J. DEUTSCH? | 
Douglas Aircraft Co., Santa Monica, Calif. - 


T HAS recently been shown that if the Doppler effect is em- 

ployed to establish the radial velocity of a satellite in a 
Kepler ellipse around another planet, then, in principle, all 
the orbital elements can be determined from these data alone 
(1).* In this paper the propagation of errors in this deter- 
mination is investigated to discover the order of precision 
with which this technique can yield the orbital elements. 

As in (1), it is assumed that the satellite orbit is a Kepler 
ellipse defined by six orbital elements and the planetary mass 
and that all these elements remain constant in time. As the 
planet and Earth describe their own orbits around the sun, 
the observer will then view the (constant) satellite orbit in 
different aspects. At any one epoch, Doppler observations of 
the satellite over a few hours will define a velocity curve, and 
from this curve the six intermediate elements are obtained. 
These are the period P, the eccentricity e, the time of peri- 
planet 7, the mean radial velocity y, the angle w at the planet 
from the orbital point of maximum radical velocity to peri- 


planet, and the velocity-amplitude 


K = 2rasini/P(1 — e?)'7? [1] 
Here a is the semimajor axis of the orbit and 7 the angle be- 
tween the direction of the orbit pole and the line of sight from 
Earth to planet. The method of obtaining these parameters 
from the velocity curve is the classical astronomical procedure 
used for the determination of the orbits of spectroscopic 
binary stars (2). Observations at later epochs will yield simi- 
lar sets of intermediate elements yj, ¢;, w;, T;, Kj, and Pj. 
These sets will be constrained by the condition that they all 
refer to the same Kepler ellipse. Suppose that three sets of 
intermediate elements are available; this is the minimum 
number that will determine all the Kepler elements. 

A full-scale error analysis, with due regard to all the relevant 
constraints, represents a formidable computational task. 
However, from a somewhat less elaborate program, the error 
estimates for a representative case involving hypothetical 
data will be obtained. The numerical and analytical ap- 
proximations introduced will always have the effect of yielding 
upper limits to the probable errors of the Kepler elements 
which are sought. 

First, expressions for the probable errors of the intermediate 
elements at one epoch in terms of the probable error of the 
Doppler measurements themselves at that epoch will be ob- 
tained. Similar results will be obtained for the compatible 
intermediate elements at two other epochs. Neglecting the 
added precision that is conferred by the constraints on these 
15 intermediate elements, the probable errors of the resulting | 
Kepler elements will be computed, the latter being referred, 
as usual, to the plane of the ecliptic. In a later paper, the 
investigation will be completed by taking full account of the 
constraints on the intermediate elements. , 

The radial velocity z attributable to motion in the satellite 
orbit is 


= Klecosw + cos (w + v)| [2] 
where v is the true anomaly, which is related to the time 
through Kepler’s equation. Since some of the intermediate 
elements enter into this expression in a highly nonlinear way, 
the method of differential corrections will have to be used to 
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obtain them from the measured quantity z. Write 


[3] 


where 
Xs = eK’ 


Primes designate approximate values; these can be obtained 
by a graphical discussion of the velocity curve. If f,’ is 
written 

So’ = f(X1', Xo’, Xa’, Xa’, Xs’; ty) [5] 


then from the first-order Taylor expansion of f, the relation 


5 
aApntn = 


n=1 


p=1,2,3,...8 [6] 


idial velocities 


is obtained, where the 6, are the residual r: 

6p Sp = to 
the a,, are the differential coefficients 


dyn = x 


and the z, are the differential corrections, which will give the 
required constants 


Xn = + [9] 


Suppose that an independent measure of 2 is made at each 
of s discrete instants t, near one epoch. In Eq. 6a system of 
s linear condition equations is then obtained for the five dif- 
ferential corrections 2,. Forming the normal equations ac- 
cording to the method of least squares (3) 


[A]{z] = [A] [10] 
is obtained, where [A] is the square symmetric matrix of fifth 
order with elements 

Akn = Apk Apn {11] 
p=l1 

and where [xz] and [A] are column vectors of fifth order with 

elements, respectively, x, and 

5 
An = [12] 
p=1 

As is shown, e.g., by Whittaker and Robinson (3), the 


standard deviation of the element X, will be given by the re- 
lation 


aif 
Fig. 1 Relation of the angular Kepler elements to S and P 
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Date ae P.E. K, fps 
Dec. 1,1959 0.3 0.00015 18,358.5 
June1,1960 0.3 0.00016 17,510.8 
Dec. 1,1960 0.3 0.00014 18,918.7 


Table 1 Intermediate elements and their probable errors for a probable error of 10 fps in radial velocity (period = 173.4 min.) 


P.E., fps w, deg P.E., deg P.E., sec 
3.2 0 0.030 Dee. 1959 0.74 
1.683 
3.0 134 0.032 June 1960 0.81 
1.592 
2.9 267 0.030 Dec. 1960 0.74 
1.501 


where os is the standard deviation of the observed radial 
velocities and A,,~! the diagonal element in the matrix [A] 
reciprocal to [A ]. 

Having found the standard deviations o, of the inter- 
mediate elements, the corresponding quantities for the Kepler 
elements may be computed. According to the theory of 
propagation of errors, if F is any function of n independent 
variables Xi, Xo, ... Xn, then the standard deviation of F is 
related to the standard deviations o; of the respective X; by 
the equation 


In particular, when F is any one of the Kepler elements, this 
relation may be used to find its standard deviation if the con- 
straints upon the X; can be neglected. 

The three angular Kepler elements will be expressed in 
terms of the intermediate elements. In (1), the orientation of 
the orbit plane relative to inertial axes by means of a unit 
vector S directed toward the orbit pole and a unit vector P 
directed toward periplanet has been defined. Soest 


3 
S= a,E; [15] 


j=1 


where the E; are the noncoplanar unit vectors in the direc- 
tions from Venus to Earth at the three epochs of observation. 
It is also shown that 


Sin — SiN sin [16] 
Qa, = 

with similar expressions for a2 and a3 and that os 


P =S XE, +8 x (S XE) — [17] 
sin 2; 
ant 


sin 2; 


Fig. 1 shows the conventional angular elements referred to 
the plane of the ecliptic: the inclination 7, the longitude Q of 
the ascending node, and the longitude w of periplanet. To 
find these Kepler elements from S and P, define a unit vector 
K toward the pole of the ecliptic and a unit vector T towards 
the vernal equinox. Then of (\-ee 

cst=K-S 


[18] 


. (K 
cos Q = ¢. x8). sin = K | [19] 
sin 7 sin i 


[20] 
sin 2 sin 2 


Table 2 Kepler elements and their probable errors 
derived from the intermediate elements 


Kepler element Probable error 


a = 5200 n miles 

= 03 

i = 29°59’ 

= 142°11’ 

w = 325°32’ 3: 
T = 1959 Dec. 1.683 U. T. ae 0.8 sec 


In the example of (1), the velocity curves of a Venerian 
satellite observed on Dee. 1, 1959, June 1, 1960, and Dec. 1, 
1960 have been considered. Suppose s = 12 for each curve, 
so that there are 12 equally spaced, independent observations 
of radial velocity at each epoch. Further, suppose that the 
probable error of each observation is +10 fps; as shown in 
(1), this requires that the frequency-stability of the transmit- 
ter be of the order of one part in 10° during an interval of 1 
cycle of the satellite. 

Although it is not necessary, assume for simplicity that the 
mass m of the planet is known a priori. It is also appropriate 
to assume that the period will be established with a fractional 
error much smaller than those of the other intermediate ele- 
ments, for the three epochs of observation will span a large 
number of cycles. Accordingly, the error of P will be neg- 
lected, and it will be assumed that a can be found with 
negligible error from the harmonic law 


[21] 


Table 1 gives the intermediate elements derived from the 
curves of (1), together with their approximate probable errors 
as computed according to the precepts of this paper. Since 
no account has been taken of the constraints on the inter- 
mediate elements, the actual probable errors will be some- 
what smaller than the tabulated results. Table 2 gives the 
corresponding set of Kepler elements, as derived from the 
intermediate elements of Table 1. It also gives the approxi- 
mate probable errors of the Kepler elements. 

In this example, where the constraints have been neg- 
lected, the tabular values represent conservative estimates. 
It can be seen that the Kepler elements are determined with 
a precision of the order of 1% or better—a precision entirely 
adequate for many important applications. 
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Influences of Solid Propellant Burning 
_ Rate Exponents on Performance of 
Engines With Large Back yauenite 
Variations 


ROBERT C. BRUMFIELD! 
M H D Research Inc., Newport Beach, Calif. 


The idealized performance of external combustion en- 
gines driven by solid propellants with various burning rate 
pressure exponents is studied. Consideration is given to 
bypass requirements for a propulsion application with 
wide variations in back pressure and to the limiting values 


of the exponent for stable performance. 


HIS analysis concerns a mathematical model of solid pro- 

pellant gas generators and reciprocating engines for opera- 
tion at high variable back pressures. The influence of burn- 
ing rates pressure exponent on bypass requirements is studied. 
The engine is assumed to carry a load with mean effective 
pressure (average torques) and power proportional to second 
and third power of the speed respectively, as for an  equilib- 
rium hydrodynamic propulsion application. 


The Engine 


The basic engine model studied has formalized pressure- 
volume diagrams as shown in Fig. 1. Although the analysis 
is given in general algebraic form, it is applied numerically 
to an engine with 10% clearance volume and 30% cutoff. 
The work output is assumed proportional, in all cases, to the 
net area of the p-v diagram. The absolute value of the rota- 
tive speed and the size of the engine are not relevant to the 
present analysis. For example, the polytropic expansion ex- 
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Angeles, Calif., June 13-16, 1961. 
? Director of Engineering. Member ARS. 


ponent is assumed to be 1.276. Back pressure variations cor- 
responding to 50 to 1500 ft depth in sea water (37 to 682 
psia) at two distinct rotative speeds corresponding to full 


speed (full power) and half speed (one eighth full power) are 


Work and Pressure Analysis 


involved 


A requirement for full expansion at full speed and 1500 ft 


depth is assumed. This criterion, together with the assump- 


tions outlined previously, determines the shapes of all p-v 
diagrams, e.g., Fig 1, as follows: 

1 The volume coordin: i are all determined by the clear- 
ance (10%) and cutoff (30%) in relation to displacement. 

2 The depth-pressure ' vels pa are determined by the 
hydrostatic pressure (pressure drop in exhaust manifolding is 
neglected). 

3 The shape of all expansion curves is determined by a 


polytropic process equation 
(1 


276 and 7 


pV* = const 


In the numerical examples given, k = 


2 = ps(V2/V2)* = 3.63 ps 


or 


4 The inlet pressure p, for full depth opera tion at full 
power is determined by the assumption of full expansion 


(Fig. 1, Diagram F - 3). Thus : 
po = 3.63 X 682 = 2470 psia 


5 Since the power requirements are the same at all 


2500 
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!500 F-3 
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Fig. 1 Pressure-volume diagrams for engine full power and one eighth power (half speed) at various running depths (back pressures) 
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Thus 
a 
‘ 
a 
= 3.63 7 t 
a 
: 


depths for a given running speed, the other full speed expan- which simplifies, for this engine, to Tis serait 
sion curves and values of p, and p, are determined on the 
basis of equal areas in the p-v diagrams 


Dm = 1.1(pe — pa) — 0.1(ps — pa) + 


(2.75)*=1 


Area = pm:D 
= (pe — pa)V3 — (Ps — Pa) Vi 


wie 

mon 


2400 


2000 
Three diagrams for full speed operation (F-1, F-2, and F-3) 


on are shown in Fig. 1. For full speed at full depth, P» can be 


START OF EXPANSION (Ps) calculated 

200 4 sce: Pm = 0.651 X 2470 — 682 = 926 psi 

= 

For operation at half speed, the expansion curves and 
rd wae “- the values of p, and p, are determined on the basis that the 
& 8001 END OF EXPANSION (Pe) ps and pe 


p-v areas and mean effective pressure be one quarter as large 
as for full speed. Thus pm, = (1/4)pm = 232 psia. The cor- 
responding p-v diagrams (H-1, H-2, and H-3) are shown in 


DEPTH (Pd) Fig. 1. 
: The pressure levels involved in the above analysis are sum- 
0 200 400 600 800 1000 1200 1400 1600 marized in Fig. 2. Full expansion for full speed and 1500 


ft depth is indicated by p. = pa. 

Note that, for half speed operation, the engine expands 
fully at 350 ft and overexpands for depths greater than 350 
ft. Overexpansion requires recompression. It is an in- 
efficient process involving a negative area work loop on the 
p-v diagram (e.g., Fig. 1, H-3), and in applications it should be 


Fig. 2a Engine pressure vs. depth in sea water, full power 
(fullspeed) 


i avoided where practical, if energy conservation is important. 
= < So far, it has not been necessary to discuss the source of the 
- . . 
(b) a Psh wr working fluid or the method of control to be employed, except 
that is taken to be 1.276. The source could be from gas, a 
© ip se -* boiler, a liquid propellant gas generator or a solid propellant 
. . . 
w 800 . >. aie DEPTH (pe) gas generator w ith an appropriate bypass, or none, if the 
> 2 the burning characteristics are proper. 
- 7 
- 7/ONER % 
- FULL EXPANSION 
tee Solid Propellant Gas Generator for Working Fluid 
ee Peh For the remainder of the mathematical model, it will be as- 
J © 200 400 600 800 1000 1200 1400 1600 . .__@ 
bax oepra-feEt 1 A solid propellant gas generator is used as a gas source 


for driving the engine. 
2 The burning rate is proportional to some power of the 
absolute chamber pressure 
1S 


b = ap," ae [6] 


as is true of many types of solid propellants. 
3 The excess gas generated, if any, is bypassed around 


Fig. 2b Engine pressure vs. depth in sea water, one eighth 
power (half speed) 


the engine. 
Ds 4 All propulsion systems are designed to run with no by- 
= mil pass when at full speed and full depth (1500 ft). 
A For purposes of this study, it is not necessary to specify 
& gas temperature, molecular weight, absolute burning rate of 
- the propellant, engine running speed, size, etc. A polytropic 
< 20 exponent of k = 1.276 is used as before, and consideration is 
I given to what happens at various values of the burning rate 
© — pressure exponent n as the operating depth is changed. Both 
< 10 full speed and half speed operations are analyzed. 

MT | Bypass Required for Full Speed Operation on Solid Pro- 

1500 FT __ pellants 
0.2 Cat 0.6 0.8 1.0 


The fraction of the total gases bypassed is 


BURNING RATE PRESSURE EXPONENT = 
Fig. 3 Bypass required at full power and speed vs. cperting [7] 
depths vs. burning rate pressure exponent b 
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or 


where 
7 b = actual burning rate 
b,. = wanted (usable) burning rate 

bo = standard design burning rate for full speed operation 
g at full depth (1500 ft) and no bypass (a design 


criterion) 


Since it is only desired to fill the cylinders at the pressure p, 
bw = bo(ps/Pso) [9] 

if the gas density and mass are directly proportional to pres- 
sure. This follows from the equation of state and a need fora 
constant volume rate of gas consumption at constant speed. 
Thus 6, ~ ps is required, and a burning rate pressure exponent 
of unity(n = 1) is most desirable, apart from stability con- 


From the burning rate law (Eq. 6) 
= ap,” bo = apso” 


siderations. Thus 
by = [10] 
and 
[11] 


giving zero bypass forn = 1. For the present analysis py = 


2470 psi (Eq. 2). From Eq. 5. 


p= 1.538 (pm + pa) [12] 
or 
p, = 1427 + 1.538 pa [13] 
for 
‘ 
Pm = 926 psi (full speed) _ we 
Thus 
1427 + 1.538pa\"-” 
14 
( 2470 ) 


Curves of this type are shown in Fig. 3. This indicates a 
considerable reduction in the bypass requirements for the 
higher values of the burning rate pressure exponent n. 


Operation at Half Speed 
As indicated in the section on work and pressure analysis, 
the mean effective pressure should be one quarter as large as 
for full speed, since the torque requirement is proportional to 
the square on the rotative speed. Thus pm, = 232 psi, and 
from Eq. 5 
Ps, = (Pmn + pa)/0.651 = 357 + 1.538 pg [15] 
From Eq. 2 
Den = 0.275 ps, [16] 
The p-v diagrams and pressure conditions are shown in 
Figs. 1 and 2 respectively. 
Bypass Required for Half Speed Operation on Solid Pro- 
pellants 
Following the argument of the section on bypass required 
for full speed operation on solid propellants 


(BP), = 1 [17] 
where 
by = apy," [18] 
and 
[19] 
and 
[20] 
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Fig. 4 Bypass required for operation at half speed (one eighth 
power) vs. operating depth in sea water vs. burning rate pressure 
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BURNING RATE PRESSURE EXPONENT 


Relative running range vs. burning rate pressure ex- 
ponent at various operating depths in sea water 


Eq. 19 derives from the equation of state and the require- 
ments for just filling the engine at the lower speed. Thus 


and ‘ 
(BP), =1-~2 [22] 
4 st 


where py is the chamber pressure corresponding to full speed 
and full depth or po = 2470 for the present case. 

- With N,/N = 3/2 


1 (1-2) 93 


4 
: 
: 
Fig. 5 
= 
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combining with Eq.15 


-3(* + 1. 
2470 


(BP), =1— 


2 


forn = 1 


(BP) <*/2 


but the full design speed could not be maintained above 1500 
ft without a supplementary gas generator. 

Eq. 24 is plotted in Fig. 4. Note that very high bypass 
percentages are required with low values of n, particularly at 
shallow depths. 


Relative Running Range at Constant Depth a 


The standard running range is measured at fulldepth. The 
total running range R; for any other constant depth is in- 
versely proportional to the propellant burning rate at that 
depth. Thus 


| 
2470 y wa 
Ry 1427 + 1.538p4 


for the present conditions. 
For variable depth operation, the total range can be ap- 
proximately calculated from the 


where each m represents a discreet running depth, and AR is 
the range used at that depth. In differential form 


>» 
fs dR _ 


This can be integrated graphically by using Eq. 26 and 
noting that, for the entire run, pg = $(R), a curve which can 


be easily drawn. ; 


Following the argument of the previous section 


[28] 


Relative Running Range at Half Speed 


Rn _1 (2) 
Ris00 2 Psnh [29] 


For variable depth operation, the total range can be ap- 
proximately calculated from the summation 


AR AR 
including full and half speed operation, where h denotes the 
half speed condition. 


[30] 


_ Stability Considerations 


Evidently relatively high burning rate exponents nm are 
desirable for ease of speed regulation with changes in depth. 
_ Values as high as unity (n = 1) would lead to unstable be- 
havior in rocket motors with fixed nozzle throat areas. An 
- engine, however, presents an effective orifice area that is 
proportional to rotative speed. The approximate influence 
of this variable effective orifice area can be studied if the 
mathematical model is further simplified as follows: 

1 A very low inertia system is assumed. The mean effec- 
tive pressure required for a simple hydrodynamic propulsion 
application is then proportional to the square on the rotative 
speed of the engine. Thus pp, ~ N? or N ~ pp? 

2 The mean effective pressure is assumed proportional to 
the propellant chamber pressure or pm ~ p-. (In the initial 
- model, p, does not increase so rapidly with p,.) 

The mass flow rate m to the engine is related to the gas 
density p and the rotative speed N by 


m~ pN 
For an ideal gas p ~ p., thus 


m~ De ~ [32] 
Since b ~ p,”, the above mathematical model would be 
neutrally stable with a burning rate exponent n = 1.5. 

For use in rocket motors, burning rate pressure exponents 
above n = 0.6 to 0.7 are undesirable from a stability stand- 
point. On the basis of the above arguments, namely fuel 
economy, bypass control and safety, somewhat higher values 
of n are desirable and worthy of further study. 
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size is proportional to rotative speed. 7 OO 


Additional Nomenclature 


a = burning rate pressure coefficient 

BP = relative bypass of propellant gases 

D = engine piston displacement volume i? > 

h = subscript denotes half speed operation 

k = polytropic exponent for gas expansion process 

m = general label for interval at constant conditions 

0 = subscript for reference condition ; 

Pp = pressure 

Pe = propellant chamber pressure 

Da = ambient pressure corresponding to depth of operation 
in sea water 

Pe = pressure at end of expansion 

Pm = mean effective pressure 

Ds = pressure at start of expansion 

Pi, P2, = pressure at points 1, 2, 3, and 4 respectively on p-v 

3, Ps diagram 

R = running range of underwater vehicle 

Ri = total running range 

Vi, V2, = cylinder volume at points 1, 2, 3, and 4 respectively on 

Vs, Vo p-v diagram 
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Measurements 


-E. J. SCHAEFER?! and M. H. NICHOLS? 


University of Michigan, Ann Arbor, Mich. 


The need for synoptic measurements of atmospheric 
composition as a function of altitude, latitude, and time 
is becoming increasingly critical. The Paul ‘‘massen- 
filter’? is light, rugged, and simple and, therefore, easily 
adaptable to rocket borne composition measurements. 
A model tailored to these requirements was successfully 
designed, built, and tested in the laboratory. The com- 
plete instrumentation package includes supporting cir- 
cuitry and telemeter transmitter. Contamination by 
occluded rocket gases is avoided by ejecting the instrumen- 
tation canister from an evacuated chamber at altitude. 
Surface recombination of nascent oxygen is minimized by 
immersing the fine grids that compose the ion source in 
the ambient gas. Two flights were attempted in No- 
vember 1960 without result, apparently due to a failure of 
the canister to eject. A new, improved version is under 
construction for flight test in the near future. 


HE NEED for synoptic measurements of atmospheric 

composition as a function of altitude, latitude and time 
is becoming increasingly critical. Above about 100 km varia- 
tions in composition are known to exist. Diffusive separa- 
tion of the lighter gases modifies composition with altitude. 
Dissociation of molecular oxygen by the sun’s radiation re- 
sults in variations with time, altitude, and latitude. Recom- 
bination processes yield oxides of nitrogen which further 
modify composition (1-3). 

The problem has been investigated by a variety of methods 
(4-6). Techniques have varied from postflight analysis of 
upper air samples to mass spectrometer in-flight measure- 
ments. The available data thus far, however, must be 
greatly extended to satisfy the requirements. In particular, 
variations with altitude, time, and latitude must be investi- 
gated on a synoptic basis. 

This paper describes the development of an instrumenta- 
tion package with which to accomplish a synoptic —— 
tion. Support for the work has been furnished by N ASA 


The instrument which was for i in-flight 
analysis is a mass spectrometer first described by Paul, Rein- 
hard, and von Zahn (7). Briefly, its principle of operation 
is as follows: 

The analyzing section of the massenfilter, also known as 
the Paul tube and quadrupole mass filter, consists of 
four circular rods positioned 90° apart and connected as shown 
in Fig. 1. The applied potentials are given by the equations 


Mass Spectrometer 


Vo, = U+ V cos ot = {1] 
Voy = —Voz 


where V is the peak value of an RF sine wave upon which is 
superimposed the d-c voltage U. Ideally the rods have a 
hyperbolic cross section, in which case the potential at any 
point in the field is given by 


x? y? 
V..y = (U+ V cos wt) Re [3] 
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Spectrometer for Upper Air 


Fig. 1 Circular electrode arrangement 


Fig. 3 Laboratory massenfilter 


In practice circular rods of radius 1.16 Ro closely approximate 
the ideal field out to about 0.8 Ro. 
The equations of motion of a singly charged ion in such a 


field are 


mé + 2e(U + V cos wt)x/Ro? 
mé — 2e(U + V cos wt)y/Ro? 


; = 
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Fig. 5 Spectrum of air 
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: Fig. 6 Resolution of nitrogen as a function of injection voltage 


e substitutions 


a = 8eU/mR,?w? 


Eqs. 4 and 5 become 
d*x/dp*? + (a + 2q cos 2p) x 
d*y/dp*? — (a + 2q cos 2p) y 


These are Mathieu differential equations. Their solutions 
in terms of a and q yield regions wherein the ionic trajectories 
are stable and regions where they are unstable. A stable tra- 
jectory is defined as one which remains finite in amplitude as 
p grows infinite. For an ion to be stable in both axes, Eqs. 
9 and 10 must each yield a stable solution. The values of 
a and q in which this condition occurs are given in Fig. 2. 
From Eqs. 7 and 8 


[9] 
[10] 


I 


a/q = 2U/V [11] 


Thus if the ratio of d-c to RF voltages is held constant, a/q 
plots as a straight line on Fig. 2. This line is the locus of 
the working points of all ions. Heavy ions plot close to the 
origin, and lighter ions plot progressively toward the upper 
right. If the voltages are increased from zero, the working 
points will move away from the origin. The lightest ion 
passes through the stable region first, followed by the heavy 
ions in order of their mass. Ideally, if a stream of ions is 
injected at one end of the field, unstable ions are removed by 
collision with the rods. Stable ions negotiate the length of 
the field and are detected when they deliver their charge to 
a collector placed at the other end. In practice, however, 
there is a minimum number of cycles of the applied RF 
voltage for which an unstable ion must remain in the field to in- 
sure removal. Further, initial conditions of radial velocity 
and displacement must be restricted to insure collection of a 
stable ion. Both restrictions increase in severity with resolu- 
tion. A complete discussion of inlet conditions is beyond the 
scope of this paper. One appears in (7). 

From Fig. 2 it will be noted that if U, and therefore a, is 
made zero, the locus of all working points lies on the q-axis. 
At low RF voltages, all ions are in the stable region. As the 
RF voltage is increased, the working points move away from 
the origin so that the ions become unstable in order of increas- 
ing mass. This mode of operation and the conventional 
method each offer their own unique advantage. Both are 
employed in the application described herein. 

The massenfilter was selected for upper atmosphere meas- 
urements because of the following advantages: 

1 It requires no magnetic field; hence it is inherently 
light in weight. 

2 Its construction is simple and rugged. 

3 Initial conditions affect only percentage transmission 
and resolution. They have no effect on the indicated mass 
of the ion. 

4 Supporting circuitry is simple. A constant voltage 
ratio is maintained by rectifying a portion of the RF voltage 
to obtain the d-c voltage. 

5 A linear mass spectrum is obtained from a linear voltage 
sweep. 


Flight Design 


For design purposes, four parameters may be independently 
selected. These, in turn, fix the remainder of the design. 
The parameters which were selected were resolution, peak 
RF voltage, rod length, and ion injection voltage. Resolu- 
tion is here defined as the mass of the ion divided by the 
width, expressed in mass units, of its spectral peak at half 
amplitude. A resolution of 40 for mass 46 was considered 
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adequate to separate the gases that can reasonably be ex- 
pected in the upper atmosphere. Due to the shorter resi- 
dence times of the lighter ions, resolution will become less as 
mass is reduced, but less resolution is required as mass de- 
creases. The peak RF voltage was selected to be 500 v as 
conveniently obtainable in a miniaturized flight package. 
Rod length was set at 5 in. (12.75 em) as a reasonable size for 
small rocket borne experiments. Finally, an injection ion 
energy of 45 v was selected as a compromise between a low 
ion velocity that reduces RF power requirements and a high 
ionic energy that avoids the difficulties inherent in controlling 
low energy particles. The important design parameters are: 


Quantity Symbol Value 
Mass number A 46 amu 
Resolution m/Am “4 40 
Peak RF voltage V v 
Length of field L 
Ion injection voltage Vin 
Frequency 4 f — 2.39 Mc 
Field radius ; Ro 0.522 cm 
Rod radius 0.609 cm 
Injection port diameter Din 0.081 em 
Maximum injection angle 0 5.25° 


A laboratory model is shown in Fig. 3. The collector is 
positioned with respect to the rods and ion source when as- 
sembled into the vacuum container seen in the picture. A 
completely assembled flight model is seen in Fig. 4. With 
the exception of insulators, the rhenium filament, and plati- 
num grid, stainless steel is used throughout its construction. 
An analysis of a calibrated air leak is seen in Fig. 5. Here, 
the “staircase’’ sweep illustrates the type of response obtained 
when the d-c voltage is zero and the working points lie along 
the q-axis of Fig. 2. In flight use, the type of spectrum is 
alternated. Complete transmission is assured in the zero 
d-c sweep. Hence the height of the major steps serves as a 
calibration of the heights of the corresponding peaks. The 
conventional spectrum provides a sensitive method of de- 
tecting the rarer species. Resolution of the nitrogen peak as 
a function of ion accelerating voltage is presented in Fig. 6. 


Instrumentation 

Perhaps the largest uncertainty in past measurements is 
the error in analysis due to recombination of atomic oxygen 
on the walls of the gage. Another uncertainty is the con- 
tribution of occluded gases on the rocket to the analysis. 

Contamination by rocket gases is avoided by ejecting the 
entire pressurized instrument package from an evacuated 
volume when altitude is reached. A sketch of the separation 
technique is shown in Fig. 7. Emerging from a vacuum, 
the surface of the instrumentation cylinder is clean of occluded 
gases. Use of “O”’ rings limits the attainable vacuum to ap- 
proximately 1 uw of pressure. A continuing goal is to develop 
techniques to maintain harder vacuums in a system of this 
type. 

Recombination is minimized by an ion source composed of 
fine grid structure directly immersed in the ambient gas. 
This increases the probability that an ambient molecule will 
enter the ionization volume without first encountering a solid 
surface where recombination can occur. Future design will 
attempt to realize an efficient ion source farther removed 
from the head end of the canister to further reduce the 
probability of surface recombination. 

Fig. 8 is a photograph of instrumentation flown November 
1960. The massenfilter is at the forward end followed by 
the electrometer amplifier to detect ion currents. The next 
chassis is the source of rod potential. Below that is the 
emission regulator chassis. Following that is a section con- 
taining timer and power supply including batteries. Finally, 
the telemeter transmitter is located at the bottom surmounted 
by four subcarrier oscillators devoted to the four channels of 
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Two Ssileennitations were fired i in November 1960. No 
telemetering signals were received, apparently because of 
failure of the package to eject. During ascent the folded 
dipole is almost completely shielded within the rocket. Sub- 
sequent testing of a third unit has failed to establish a definite 
cause for failure, although several possibilities have been 
ascertained. Minor design changes directed to elimination 
of these possible causes of failure have been completed, and 
telemetering coverage from takeoff has been incorporated. 
Four improved versions of instrumentation are in preparation 
for flight test in the near future. 
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Momentum Dumping Using 
Magnetic Torques 


J. W. BURROW! 


Douglas Aircraft Co., Santa Monica, Calif. 


An aspect of reaction wheel design with magnetic torqu- 
ing for momentum removal is discussed. The momentum 
storage requirements for the wheel system are developed in 
terms of the torque input and the magnetic field history 
along the orbit. 


N A RECENT article Kamm (1)? discussed the use of cur- 
rent carrying coils, which, in the presence of Earth’s mag- 
netic field, will produce a torque that may be used for satellite 
attitude control. It was suggested that such a device might 
be used to remove accumulated momentum from a reaction 
wheel control system. A problem arises in the design of such 
a system because of the fact that the generated torque is pro- 
portional to the vector product of the coil current and the 
magnetic field. Therefore, no momentum can be removed in 
t the instantaneous field direction. 
However, for an orbit not in the plane of the magnetic — 


orbital path. The maximum change in direction will vary 
from 0° to over 90° for polarorbits. Therefore, except in a 
: singular case, there is no constant direction in which momen- 
tum is nonremovable. 
Some of the consequences of this fact in the design of a reac- 
tion wheel control system with magnetic torquing for momen- 
tum removal will be examined. Of major interest in such a 
system is the maximum momentum that the wheel system will 
be required to store. As will be shown, this is a function of © 
steady-state external torque and the directional variation of © 
the magnetic field. 
The angle between Earth’s magnetic field vector and an 
inertial reference system moving with the satellite is a com- 


/ its orbit, and time (due to the inclination of the magnetic 
polar axis with respect to the geographic polar axis). In — 
order to have a simple example to illustrate the concept of — 
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magnetic torquing for momentum removal, assume that the 
angle between Earth’s magnetic field and some inertial 
reference 9 may be expressed as 


= cos (27/T)t 


where T is the orbital period. 

If at ¢ = 0 an initial momentum A, is present in the same 
direction as the instantaneous field vector, it will be non- 
removable at this time. One quarter orbit later the field direc- 
tion will have changed by an amount 9%, and a quantity Ho sin 
6 of the initial momentum may be removed, leaving Ho cos 4% 
as residual momentum. As this process is repeated, the re- 
sidual momentum will be H,, = Ho cos” %, where n/4 is the ibe 
number of complete orbits since the beginning of the process. 
In this case the maximum momentum that must be stored is 
simply Ho. 

Next, examine the case where there is a steady-state con- 
stant direction momentum input into the system. Assume 


Fig. 2 Momentum removal geometry 


that the momentum input is parallel to the field vector at _— 
t= 0. Letit have a magnitude 
H = 4H,/T Pa 
so that every quarter orbit an amount Hp is delivered to the / 
system in the original field direction. If, as before, the torqu- ; 
ing coils are energized every quarter orbit, which corresponds P 
to the maximum change in field direction, the momentum re- = | x 0.4 7 
maining in the system can be expressed as i 
H,, = (x 2H cos 2" (a + cos?’ a)) 
n=0 


where N is the number of half orbits since the initiation of the 
process. The ratio H,,/Ho is shown in Fig. 1 as a function of 
6 and N. 

As N becomes large, H,, approaches a limiting value 


Lim H,, = Ho [(2/sin? %) — 1] 


which is the maximum momentum storage requirement for a 
continuous torque input. A 

If the momentum input and the field direction are predict- 0 0 6090 50 7 80 
able for some portion of the orbit in advance, the above 9% (DEG) 
momentum storage requirement may be reduced. Referring Fig. 3. Ratio of residual momentum with and without prediction 
to Fig. 2, if Bois the instantaneous field direction, B, is the field vs. field direction variation angle 
direction displaced by 6 some predictable time later. Let 
H, be the momentum input expected in this time period. 1 
If a momentum H, is generated by the torquing coils such that 0.9 
the resultant momentum H, forms an angle a with Bo, where 0.8 Z| 
a+ 6 = 1/2, then whenB = B, the total momentum H, o9 74 
may be removed. 

The maximum momentum that must be stored in this mode 06 Zz 
is 

0.5 7 
é 
- sin = l= 


Comparing H,, with H,,, it is seen that 


H,, Ho/sin % 
H,,  Ho(2/sin? — 1) 
0.2 
‘tad ~ 2 — sin? & 


H,,/H,, is shown in Fig. 3 as a function of 4. It is seen that 
for small values of 6, the additional complexity needed for 


prediction results in significantly lower maximum momentum a 

storage requirements. Therefore, the design of the wheel 

system is affected not only by the magnetic field direction 

variations, but also by the technique used to take advantage eee 

of this variation. Fig. 4 Momentum disposal efficiency, H,)/H7 vs. magnetic field 
It is also interesting to note the efficiency with which the variation angle 4% 
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magnetic torquing system removes momentum. This may 
be compared with the efficiency of the more conventional gas 
jet system. 

In the case of steady-state torque input, the momentum in 
the system will go into a limit cycle with a period of half the 
orbital period. The momentum generated per cycle by the 
coils may be compared with the momentum input during the 
cycle. For an ideal gas momentum dump system, the mo- 
mentum generated by the jets will be the same as the momen- 
tum input. Therefore, the ratio of input momentum to coil 
generated momentum gives a comparison between the ef- 
ficiency of ideal gas jet and magnetic torquing momentum 
dumping systems. 


This ratio Ho/Hr can be shown to be oat 
H)/Hr = sin 6/(1 + cos 


This is illustrated in Fig. 4. It is seen that for small values of 
the magnetic variation angle 6, the magnetic torquing system 
is quite inefficient in terms of total generated momentum. 
This ratio may also be used as a measure of the energy re- 
quired by the dump system in terms of the external torque 
and magnetic field histories. 
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Method of Predicting 
Hypersonic Pressure Distribution on 


Nonlifting Near Power Law Bodies 


_ Using Similar Flow Theory Results 


N. R. AUGUSTINE! 


Douglas Aircraft Co. Inc., Santa Monica, Calif. 


ECAUSE of its simplicity, the axisymmetric strong shock 
similar flow theory (blast theory) presents an attractive 
method for predicting surface pressure coefficients. The ap- 
plicability of this technique is, however, considerably re- 
stricted inasmuch as the form of similarity required by the 
theory is limited to power law bodies, i.e., bodies of the form 
7m ~ x”. An approximate method that enables results of 
similar flow theory to be applied to an extended class of con- 
figurations is described. 
The results obtained by Kubota (1)? for the second-order 
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Fig. 1 First-and-second order pressure functions from simi- 
lar flow solutions 


approximation to surface pressure coefficient on power law 
bodies can be written, after slight algebraic manipulation, as 


(dr,/dx)? 


for the case where Mz > 1, > land '/s<m<1. Fig. 1 
presents the numerical value of the functions ¢; and 1 from 
the results given in (1). The functional dependence between 
pressure coefficient and body reference dimension exhibited by 
this equation, which in itself precludes rigorous application to 
nonpower law shapes, becomes insignificant if the following 
considerations are restricted to near power law bodies. 

One possible approach to the problem of modifying the 
above results so that they can be applied to classes of shapes 
other than those of the form 7, ~ x” is to assume the surface 
pressure coefficient to be that given by similar flow theory for 
a cone that is locally tangent to the surface in question. That 
is, the values of ¢1 (y, m) and di: (vy, m) in Eq. 1 are replaced 
by ¢: (vy, 1) and dr: (¥, 1) respectively for all m. However, 
as might be expected from a knowledge of classical tangent 
cone theory, the resulting surface pressures are overestimated. 
Nevertheless, this approach does suggest that it might be 
possible to estimate the surface pressure with the similar 
flow result (Eq. 1) by using the actual values of Ma, 6, and 
(dr,/dx) for the body in question along with some equivalent 
value of m (say mMcquiv), a8 has been suggested in (1). 

The exponent m, which defines the shape of power law 
bodies, can be interpreted as the ratio of the apex angle of the 
locally tangent cone to that of the secant cone that connects 
the body vertex to the point in question. The body shape 
exponent, defined as the ratio of tangent and secant cone 
angles (m:n), has been selected as a convenient parameter for 
extending the similar flow theory results. Thus a general 
class of bodies of the form r, ~ 2” is introduced, of which 
the power law shapes are a special case possessing the property 
that man is a constant, independent of body station. 

A number of analytical approaches to the problem of select- 
ing an equivalent exponent to be used in Eq. 1 for nonpower 
law bodies have been considered, although a semiempirical 
method appears to give the best results. This conclusion is 
based on consideration of the inverse problem of determin- 
ing the exponent mequiv, which, when used in place of m in 
Eq. 1, correctly defines the experimentally observed pres- 
sures. The results of such a correlation encompassing a 
number of body shapes are presented in Fig. 2 as a function of 
Mtan, Which may also be interpreted as the exponent of the 
locally tangent power law body that has a common vertex. 
These results are based on wind-tunnel data, flight test data, 
and numerical characteristics solutions over a Mach number 
range of 3.0 to 12.0(2-9). Also presented in Fig. 2 are the tan- 
gent cone result and the result given by similar flow theory for 
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power law bodies. The close correlation of the data points in 
this figure indicates that the pressure distribution on the 
various shapes considered can be predicted simply by using a 
constant value of mcquiv equal to about 0.58 in Eq. 1, although 
at points very near the nose a somewhat larger value is re- 
quired, as shown in Fig. 2. 

As might be anticipated from consideration of the blast wave 
case (m = 0, shock shape exponent = '/2), the assumption of a 
constant Mequiv = 0.58 over most of the body is best justified 
for bodies characterized by an extensive expansion field down- 
stream of a fairly blunt nose. For bodies having little or no 
downstream expansion, e.g., power law shapes with m > 1 
where the tangent cone and secant cone are nearly identical, 
the value of mequiv may be expected to be slightly larger than 
that determined in Fig. 1. It is, however, interesting to note 
that even for power law bodies the agreement between experi- 
ment and theory is frequently enhanced when the reduced 
value of mepuiv is used rather than the actual body shape ex- 
ponent, although this result must be regarded as fortuitous. 

In conelusion, the hypersonic similar flow theory result for 
surface pressure coefficient on power law bodies can be ex- 
tended to more generalized configurations by employing the 
equivalent body shape exponent shown in Fig. 2. The ac- 
curacy of the results thus obtained on the configurations in- 
vestigated is somewhat better than the accuracy of methods 
such as Newtonian flow theory and tangent cone theory. 
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Nomenclature 
CG; = pressure coefficient, (p — po)/qo 
d = body maximum diameter 


K 


hypersonic similarity parameter, Mo 6 
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™tan , EXPONENT OF LOCALLY TANGENT POWER-LAW BODY 


Fig. 2 Exponent of equivalent power law body as determined from correlation of theoretical and experimen- 
tal results 


8 1.0 


L = body length 

m = exponent in defining body hie equation for pi power law 
bodies 

Mtan = exponent of power law body tangent to given arbitrary 


body at specified station 
Mequiv = equivalent body shape exponent used in Eq. 1 for near 
power law bodies 


= freestream Mach number 
Pp = local static pressure 
Po = freestream static pressure 
Ix = freestream dynamic pressure 
rp = body radius 
x = axial distance from body nose 
x = nondimensional distance from body nose, «/L 
Y = ratio of specific heats 
= body thickness parameter, (d/2)/L 
¢1,11 = first- and second-order pressure functions, respectively 
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“a This article reports some experiments in which Chap- 
man-Jouguet detonations in gaseous explosives were sub- 
jected to compressible and flexible confinement. Schlieren 
photographs show that the detonation wave boundary 
interaction can cause merely a curvature of the wave 
front or, under other circumstances, quench the combus- 
tion process. Both oblique and detached shocks are ob- 
served in the boundaries. 


XPERIMENTAL studies? on the detonation characteris- 
tics of gaseous explosives are usually performed in 
shock or detonation tubes made of steel or equally rigid ma- : 
terials. This method not only provides the most convenient 
means of performing such experiments, but it also furnishes 
the confinement necessary to maintain the one-dimensional 
flow condition assumed in most theoretical analyses. In a 
recent study, however, some experiments were made on gase- 
ous detonation waves confined by semiflexible and com- 
pressible boundaries (1). Under compressible confinement 
the properties of the detonation wave are altered considerably, N 


CROSS SECTION A-A 


= EXPLOSIVE FLOW 
BOUNDARY GAS 


SECTION 


DETONATION TUBE 


and the theoretical description of the detonation process must 
include an analysis of the boundary. = | ‘ 


The experimental arrangement consisted of a vertically 
mounted detonation tube approximately 5-ft long and open IN 
at the top. Both a round pipe (0.3-in. ID) and a tube of on 
rectangular cross section (*/s X 1/2 in.) were used. The test 
section was mounted on top of the tube so that the — losive Fig. 1 Cross-sectional sketch of two-dimensional test section 
gases, on leaving the tube exit, flowed through a region pro- 
viding the desired boundary conditions. The gaseous fuel and 
oxidizer were introduced into the tube base through sonic 
metering orifices, mixed, and allowed to flow upward through 
the tube and out the exit. The flow velocities were suf- 
ficiently low to maintain a laminar flow of the detonable mix- 
ture and were also low enough so that the detonation waves 
being studied could be assumed to be propagating into 
quiescent mixtures. (In all cases, the flow velocity was less 
than 0.3% of the detonation velocity.) Since oxygen and 
hydrogen were used most frequently as the explosive, the 
vertical tube arrangement exploited the buoyant forces in 
maintaining a stable flow from the tube. 

Detonations were formed by igniting the explosive at the 
tube base. The transition process from deflagration to de- 
tonation was such that Chapman-Jouguet detonations were 
formed prior to reaching the test section. In this manner the 
influences of the various boundaries on fully developed Chap- 
man-Jouguet detonations could be determined. The test 
sections consisted in turn of the surrounding air, a Saran 
Wrap‘ tube, and a two-dimensional section that allowed several 
types of inert gases to be used as a boundary. The first two 
test sections were used in conjunction with the round detona- 
tion tube and the third with the rectangular tube. Fig. 1 is a 
sketch of the two-dimensional test section. 

Spark-schlieren photographs were taken of the detonation 
wave during its passage through the test region. Because the 
equipment used allowed only one photograph to be taken per 
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Fig. 3 Progression of shock front up column of 80% hydrogen- 
20% oxygen 


experiment, the experiments were ia to be highly re- 


peatable. A number of checks showed the experiments were 
repeatable to within +1% of the detonation velocity. A 
variable microsecond time-delay unit was used to sequence the 
photographs so that the influence of a given boundary on a 
detonation could be constructed from a series of individual 
photographs. The detonation velocity was measured elec- 
tronically through the use of two ionization probes and a time 
interval meter accurate to +0.1 psec. 

The initial experiments were performed using the round 
detonation tube and an explosive composed of 80% hydrogen 
and 20% oxygen by volume. In these experiments a stable 
jet of the explosive was established in still air, and attempts 
were made to propagate a detonation up the unconfined col- 
umn of explosive. Fig. 2 is a sequence of four schlieren 
photographs that show that the detonation failed to propa- 
gate any discernible distance past the tube exit. Instead, 
the detonation was quenched and thereby deteriorated to a 
shock wave followed by the combustion products from the 
tube. Exposures A and D in the sequence were taken with 
the knife edge parallel to the centerline of the tube, and B and 
C with it perpendicular. The end of the tube, which is visible 
at the bottom of the pictures, has a far smaller outside diame- 
ter in exposures A and B than in the others, due to machining 
the tube wall thickness from 0.35 to 0.05 in. prior to these 
experiments. In frames A and D the explosive jet is well de- 
fined. A Mach disk is visible in B. Also visible is the gas 
interface between the hydrogen-air mixture and the air. The 
interface is the blunt nose that trails the shock front. Pic- 
tures C and D are photographs of identical experiments; 
this demonstrates their repeatability. 

Fig. 3 is a distance vs. time and velocity vs. distance plot of 
the shock front, which was constructed from photographs such 
as shown in Fig. 2. The distance X is measured along the 
tube centerline, starting at the exit, and X’ is equal to the 
distance X divided by the tube’s internal diameter, 0.3 in. 
At X’ = 9.0, the shock speed is roughly 2500 fps, just slightly 
higher than the speed of sound in the explosive jet. 

Because of the failure to detonate an unconfined column of 
oxygen and hydrogen, a form of confinement was tried which 
was thought to be between that provided by air and shock 
tubes. Fig. 4 shows the results when one layer of Saran Wrap, 
which is approximately 0.0005-in. thick, was wrapped into a 
tube. The explosive was 80% hydrogen and 20% oxygen. 
In the first exposure the detonation wave is approximately at 
the end of the Saran Wrap tube. The wave is clearly one- 
dimensional in nature, indicating that an extremely thin ma- 
terial can constitute infinite confinement for a gaseous ex- 
plosive. Following the passage of the detonation, the tube 
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Fig.4 Detonation of 80% hydrogen-20% oxygen within a Saran 
Wrap tube 


Fig.5 Detonation of 50% hydrogen-50% oxygen with an air 
boundry 
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developed some leaks due to the deteriorating effect of heat on 
Saran Wrap. 

The next set of experiments was performed using the two- 
dimensional test section shown in Fig. 1. The glass walls 
maintained the two dimensionality of the detonation, whereas 
the metal wall was effectively the centerline of an experiment 
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Fig. 6 Dimensionless distance of detonation from tube exit vs. 
time for 50% hydrogen-50% oxygen and 35% hydrogen-65% 
oxygen, each with an air boundary 


Fig. 7 Detonation of 35% hydrogen-65% oxygen next to a he- 


lium boundary 


twice as wide. Fig. 5 is a sequence of four photographs show- 

ing the propagation of a detonation in a 50-50 mixture of oxy- 
gen and hydrogen with an air boundary. Although the wave 
front becomes curved, the detonation is not quenched by the 
effect of the compressible boundary. An oblique shock wave 
and the gas interface between the combustion products and 
the air are visible below and to the right of the detonation. 
It was found that stoichiometric oxygen-hydrogen could also 
be detonated successfully next to an air boundary, while 35% 
hydrogen and 65% oxygen was quenched. Fig. 6 gives a plot 
of the results for the 50% and 35% hydrogen by volume mix- 
tures. Some methane, ethane, and propane-oxygen mixtures 
will also detonate successfully next to air boundarics. 

The relative success of the two-dimensional arrangement, 
compared to the axisymmetric experiments, was attributed to 
two influences. First, a critical or minimum diameter exists 
for any detonation. Since the two-dimensional test ‘section 
was approximately triple in size of the round tube, it is possible 
that the critical size was exceeded only in the former. Second, 
two-dimensional shocks are attenuated less rapidly than 
three-dimensional shocks. Thus, the two-dimensional test 
section gave effectively better confinement. 

A theoretical analysis (1) has shown that the curvature of 
the wave front, apparent in Fig. 5, is not due to diffusion of 
the air into the explosive. Instead, it was determined that 
the wave curvature and quenching are caused by the lateral 
expansion of the reacting gases between the shock and the 
Chapman-Jouguet plane. This lateral expansion is the result 
of the compressibility of the boundary and thus is not ob- 
served during the detonation of gaseous explosives with 
rigid confinement. 

In the course of the theoretical analysis it was also noted 
that different inert gas boundaries could promote different 
types of interactions between a detonation wave and the 
boundary. Fig. 7 shows two rhotographs of the passage of a 
detonation in 35% hydroge:. and 65% oxygen through a 
two-dimensional region having a helium boundary. Under 
these circumstances the shock in the boundary is a detached 
or bow shock. This particular set of experiments clearly 
demonstrated that the wave front curvature is not due to dilu- 
tion of the explosive with inert gas along the jet edge, since 
the dilution of hydrogen-oxygen mixtures with helium in- 
creases the detonation velocity. The effect of dilution would 
therefore require the detonation wave to curve forward, 
rather than backward, at the jet boundary 
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Theory of Liquid Atomization in 
— High Velocity Gas Streams 


ERNEST MAYER! 


Liquid atomization by high velocity gas streams is in- 
vestigated analytically by consideration of gas liquid inter- 
face behavior in the regime of capillary wave (ripple) 
propagation. With given fluid properties (9), pi, 7, M1) 
and wind velocity relative to the liquid Vz, it is shown that 
all wavelengths \ exceeding a minimum value ),in will 
grow at an exponential rate characterized by a time 
modulus 7 dependent on ) and the fluid parameters. It is 
postulated that when the wind induced wavelength ) has 
grown to an amplitude comparale to ), the crest of the 
wave is shed as a ligament from which droplets of diameter 
D also proportional to \ are formed. By consideration of 
the steady-state droplet formation rate on a large liquid 
surface, an expression is derived for the droplet size dis- 
tribution function. The latter yields the following for- 
mula for the average droplet size obtained on primary 
atomization D = 97 V16B(u1V o/pi/p.¥,2)/, where B is 
a numerical factor conceptually of the order of unity. 
The theoretical result for D is in satisfactory agreement 
with empirical correlations proposed by Weiss and Wor- 


sham on the basis of extensive data obtained under con- 


ditions corresponding closely to primary atomization. _ 


rPYHE ATOMIZATION of liquid jets by high velocity gas 

streams is an important process in many technical appii- 
cations. Owing to the complexity of the physical phenomena 
involved in the process, the study of liquid atomization in the 
high velocity gas flow is pursued principally by empirical 
methods yielding correlations of droplet size with fluid 
parameters. In particular, a “most serious lack of informa- 
tion is found in the determination of drop-size distributions 
from the properties of the liquid jet and its surrounding 
atmosphere” (2).? 

This note presents a theoretical approach to the pro- 
blem of atomization in the high velocity regime. In this 
regime the behavior of the gas-liquid interface appears to 
govern the atomization process, in accordance with the con- 
clusions reached by Weiss and Worsham (1), quoted in the 
following paragraph. 


The atomization of liquids by large high velocity airstreams 
occurs by direct action of the airstream on the exposed liquid 
surface. Therefore, relative velocity between liquid- and air- 
streams is of primary importance. Physical properties of the 
fluids do affect spray fineness, but their net influence is less 
critical. The exact way in which the liquid is introduced to the 
air, i.e., the geometry and operation of the injector, is of least im- 
portance, particularly at very high air velocities and for cus- 
tomary ranges of the variables. 


A fundamental approach to the problem of atomization is 
made by considering the development of capillary waves 
(ripples) that are produced by a high velocity gas flow along 
the liquid surface. Waves of very small wavelength cannot be 
developed readily because of viscous dissipation. Waves of 
very long wavelength are slow to develop because of inertial 
effects, even though in this case viscous dissipation is negligi- 
ble. Between the extremely short and long (capillary) wave- 
lengths there exists a spectrum of wavelengths which can be 
excited to appreciable amplitudes during the time of action of 
the high velocity gas flow. It is reasonable to postulate that 
if such a wavelength » with a characteristic excitation time 
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7(X) has developed to an amplitude comparable with \, the 
gas stream will erode the wave crest as a ligament from which 
droplets of diameter comparable in size to \ are formed. 
Thus, by considering a liquid of large surface and great depth, 
it is possible to assess the fundamental role of fluid properties 
in the primary atomization of the liquid due to a high velocity 
gas stream. In particular, kinetic data associated with 7(A) 
permit an estimation of the atomization mass flux producing 
primary droplets derived from capillary wavelengths in the 
range from \ to A + dd, i.e., the primary drop-size spectrum. 
Furthermore, such kinetic data furnish a basis for assessing 
the effect of finite liquid boundaries (initial jet configuration) 
on the primary drop-size distribution and for treating the 
process of secondary atomization which affects the larger 
drops in the primary spectrum. 


Wind-Induced Capillary Waves 


An example of wind-generated gravity waves has been 
analyzed by Jeffreys (quoted in Ref. 3, p. 625). An approxi- 
mate energy balance for the surface wave of amplitude @ is 
considered by Jeffreys in the form 


da _ ¢)* 


241 
dt 


— > a {1] 
2pic 
In addition to the usual hydrodynamic parameters (see 
Nomenclature), Eq. 1 contains a sheltering parameter 6B < 1 
associated with the portion of the wave crest exposed to the 
driving effect of the wind. On solving Eq. 1 for gravity waves 
(e= V4, k), Jeffreys obtained good agreement with meas- 
ured data for the smallest relative wind velocity V, required 
to maintain waves, provided the effective value of 8 is 0.3. 

In application to the atomization problem, the solution of 
Eq. 1 for capillary surface waves (ripples) having the wave 
velocity c (Ref. 3, p. 457) is considered. 

c = Vok/p, [2] 

where a is the surface tension. 

Substituting c from Eq. 2 
comparison with V, gives 


into 1 and neglecting in 


da Qa 
dt [3] 


where, for convenience, the reciprocal time modulus 1,7 is ex- 
pressed in terms of the wavelength \ = 22/k 


[4] 
¢ 
[6] 


A schematic curve of positive 7 vs. \ is shown in Fig. 1 for 
constant values of the forcing parameter f and the viscous 
damping parameter v. In view of Eq. 3 the capillary waves 
will grow or diminish according to whether 7 is positive or 
negative. Thus the wind-maintained wavelengths are greater 
than a minimum value obtained by the condition 1/7 = 0 or 


Atomization Mechanism 


The following mechanism of atomization is postulated. 
When the wind-induced wave of length \ has grown to an 
amplitude comparable with \, the crest of the wave is eroded 
as a ligament from which droplets of size proportional to ) are 


a= 


1 
2 2 
a 
J = 
= Pa 2 


4, 
D =F [8] 


formed 


where F, a dimensionless configuration factor, is independent 
of X but possibly dependent on fluid parameters. On concep- 
tual grounds F is anticipated to be of the order of unity. If F 
were a constant independent of fluid data, the assumption in 
Eq. 8 would imply a general similarity condition for the crest 
configuration and ligament formation preceding breakup into 
droplets. Preliminary comparison of theoretical results based 
on Eq. 8 with experimental data in (1) suggests that F depends 
somewhat on liquid viscosity mu; but is nearly independent of 
Po, Pi, F, and Uo. 

We note that the frequency of ligament formation or crest 
erosion at the wavelength \ is 1/7 given by Eqs. 4, 5, and 6. 


Droplet Size Distribution 


Consider now the rate of formation of droplets per unit 
liquid surface area. 
erosion rate in the wavelength range from \ to \ + dA is” 
proportional to /7(A). Therefore, the atomization mass 
flux obtained in the wavelength range from \ to A + da is 
given by the proportionality 


~ pi 7(d) dy — [9] 
The droplet formation rate 7(A) per unit area of the liquid 
associated with m(A) in accordance with Eq. 8 is given by 
piren(A)dA ~ m(A)dr [10] 


Thus, aside from numerical factors that account for the crest 
configuration at the instant of erosion, the steady state droplet 
formation rate is obtained from waves in the range from ) to 


~ 
= [11] 


In view of the relation between D and X postulated in Eq. 8, 


3 By 
16 ( = ) See Eq.(7) 


A= 


Fig. 1 Sketch of time modulus 7 vs. capillary wavelength » 
showing the most rapidly growing wavelength \(rmin), and aver- 
wavelength in capillary mechanism of 


effective 


atomization 


Based on the above assumption, the _ 


the functional form 1/?r(A) represents the drop-size distribu- 
tion obtained in primary atomization. 
It follows that the mean droplet size 


D=FX [12] 


is determined from 
X= Srn(adr/ [13] 


which yields, upon substitution from Eqs. 4 and 11 and in- 
tegration 


i= fr an/rr() / = [14] 


Substituting from Eqs. 7 and 14 into Eq. 12, the expression 
for the mean droplet diameter in terms of fluid parameters is 
obtained 


2/5 
where 


B = F/p* [16] 


is a composite numerical factor including the sheltering parame- 
ter 6 and the parameter F associated with the crest configura- 
tion at the instant of erosion. Since the latter parameters are 
of the order of unity, B is also of the order of unity on concep- 
tual grounds. 


Comparison With Experimental Data 


Comparison of the theoretical result for D is made with 
empirical correlations obtained by Weiss and Worsham (1) in 
experimental studies of the atomization of molten wax in high 
velocity gas streams. Both co-stream and contra-stream 
injections were investigated with nozzles of several orifice 
sizes, wax and air temperatures being maintained at the same 
temperature in the range from 300° to 400°F. Because of the 
low vapor pressure of the wax and the chilling of the droplets 
in the sampling probe, the collected spherical particles are be- 
lieved to correspond closely to those produced by primary 
atomization. 

The salient experimental result obtained is the velocity de- 
pendence D.,,, ~ V,~* over the range of pressures (P = 1 to 
5 atm) and temperature (300° to 400°F) in the experiments, 
in agreement with the theoretical result in Eq. 15. The pro- 
posed correlation with surface tension is Dexp ~ o'“* as com- 
pared with the theoretical dependence D ~ o' in Eq. 15. 
In regard to the influence of air density, the suggested correla- 
tion is D..,» ~ (1 + 1/P), where P is the pressure in at- 
mospheres. However, an effective exponent n based on the 
relation D ~ p," can be inferred directly from the test data 
indicated in Fig. 11 of (1). This figure shows that in the 
high velocity regime (V, ~ 600 fps) an increase of pressure 
from 1 to 1.5 atm reduces the mean diameter from 36 to 
26 micron, implying the value n ~ —0.7 in agreement with 
the theoretical result n = —2?/3 in Eq. 15. 

No definite dependence of D,,,. on p: can be ascertained 
from the experimental data because of the limited variation of 
the temperature 7’ in the temperature range from 300° to 
400°F. In regard to the influence of liquid viscosity w: on 
D.x», it may be seen that for the viscosity exponent n’ in 
Dixy ~ u.™, the experimental data of (1) yield n’ = 1/; as 
compared with the theoretical exponent of ?/; in Eq. 15. To 
account for this discrepancy within the framework of the 
theoretical model, it is suggested that the configuration factor 
F may contain a viscosity dependence of the form F ~ p-"/*; 
i.e., with increasing viscosity a relatively smaller fraction of 
the wave crest is eroded in ligament shedding. The de- 
pendence of F on yu; and possibly on other fluid parameters can 
be ascertained directly on the basis of fundamental study of 
the capillary wave behavior under high velocity gas flow along 
a large liquid surfacen 
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Finally, note the numerical value of the factor B re- 
quired for agreement between the theoretical expression Eq. 
15 and the observed data at, say, V, = 600 fps, P = 1 atm, 


T = 300°F in (1), from which the slivvanh data are quoted 
below 


Dexp = 36 xX 10-4 em 
Ve 1.85 X 104cm/sec 
0.80 X 10->gm/em 


Po 

= 22 gm/sec? 

= 0.113 gm/cm-sec 
= 0.828 gm/cem? 


The estimated value of B based on the above data is 
B ~ 0.30 [17] 


This value is of the order of magnitude anticipated for the 
model considered. 

Further resolution of B into the factors indicated in Eq. 16 
may be made by assuming the value for the sheltering parame- 
ter 8 ~ 0.3, determined by Jeffreys, which leads to F ~ 0.14. 
This result implies that a small but significant portion of the 
wave crest is shed as a ligament at the instant of erosion. 


Concluding Remarks 


The agreement between the experimental data and the re- 
sults based on the idealized model of the capillary mechanism 
of atomization warrants the belief that this mechanism 
accounts for spray formation produced by high velocity atom- 
ization of liquid jets. However, in application to jets of finite 
size, consideration must be given to the deformation and ero- 
sion of the finite liquid element under external aerodynamic 
forces and internal wave interference effects. In particular, 
it can be seen that for an initial effective jet diameter D; large 
compared with X, the lifetime of the eroding jet may be esti- 
mated from 


t; ~ Djr(X)/X 


The finite lifetime of the jet limits the time interval availa- 
ble for growth of capillary waves, resulting in a modifica- 


tion of the drop-size spectrum with a drop-size cutoff deter- 
mined by the maximum wavelength Amax that can developed 
during the lifetime of the eroding liquid element. Thus, the 
influence of D; on the atomization in high velocity gases in- 
creases in importane as D; is made smaller, as revealed in the 
empirical result reported in (1), Dexp ~ D;'/* 

The preceding concepts are readily extended to the treat- 
ment of secondary atomization, which affects the drop-size 
distribution principally by increasing the small size popula- 
tion at the expense of large size population in the primary 
spectrum. 

Finally, it can be seen that if the liquid and the high 
velocity gas are at different temperatures, the capillary mecha- 
nism of atomization implies that the reference temperature 
for correlating drop-size data with liquid properties is either 
the gas temperature or the boiling temperature of the liquid, 
whichever is smaller. 


Nomenclature 

g = gravity acceleration, cm/sec? 

k = wavenumber, 

m = atomization mass flux per unit wavelength range, (gm/cm)/ 
cm?-sec 

n = droplet formation rate, (1/em)/cm?-sec 

t = time, sec 

uw = dynamic viscosity, gm/cm-sec 

p = density, gm/cm’ 

o = surface tension, dyne/em 


Subscripts 
g = gas 
= jet 
l = liquid 
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Interdependence of Base Pressure and 
Base Heat Transfer 
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ge transfer from the base wall to the free stream in- 

reases the base pressure. One of the consequences of 
this trend is that increasing the base wall temperature (e.g., by 
combustion) above the free stream stagnation temperature 
decreases the drag. However, in the case of high flight Mach 
numbers, this may lead to base wall temperatures that are 
much too high for structural purposes. Indeed, in some cases 
the base heating problem that occurs naturally has already at- 
tracted considerable interest. The interaction between base 
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pressure and base heat transfer has been theoretically pre- 
dicted (1, 2, 3)’ and experimentally observed (4, 5). 

Because of the complexity of the relationship between base 
pressure and heat transfer, it is convenient to describe this 
interdependence graphically. A chart has been prepared 
which directly indicates this effect for airflow over a two- 
dimensional body with a turbulent wake and a negligible wall 
boundary layer. This chart is based on the theory of (1, 2, 3) 
and is presented in Fig. 1. 

Fig. 1 shows the theoretical change in the base pressure ratio 
due to a diabatic wake. Lines of constant value of the heat 
transfer parameter D are plotted. Positive values of D cor- 
respond to heat addition to the wake from the wall. Negative 
values of D indicate that the direction of heat transfer is from 
the wake to the wall. For a particular configuration and 
flow condition, D may be determined from Eq. 1 


Qs 
Hypo, ST ine kg. 
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where 


Q, = heat per ‘unit width from the walls 
to the wake 

H = base height (height of simple back step or half height 
of trailing edge) 

Cp = specific heat at constant pressure 

Po, = stagnation pressure of the free stream just before the 
base 


T), = free stream stagnation temperature 


k = ratioofspecificheats > 
o = similarity parameter for the homogeneous coordi- 


nate of the mixing region 


Precise numerical values of o are not yet well defined for 
high Mach number mixing regions, and so an experimental 
investigation of o at high Mach numbers is needed. For the 
present only limited emperical relationships (6, 7) are avail- 
able. These data indicate that o is greater than 12.0 for 
supersonic mixing, and its value is dependent on the gas and 
the adjacent Mach number. 

ia In applying Fig. 1, first obtain an estimate of the 

fi value of o and then determine the value of D from Eq. 1. 

Entering Fig. 1 with D and the approach Mach number‘ (im- 

, mediately before the base), the percent change in base pres- 
7 sure due to the heat transfer can be directly obtained. 
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Solutions for Satellite Motion Under 
Low Acceleration Using the Method of 
Variation of Parameters 
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HE PROBLEM of analytically determining the motion 

of a thrusting satellite has been treated by several authors _ 
using different methods. Tsien (1),2 Dobrowolski (2), and | 
Copeland (3) obtain solutions by using elliptic itera 
whereas Perkins (4) uses linear perturbations. Lass and 
Lorell (5), using the method of Kryloff and Bogoliuboff, ob- 
tain results in agreement with the preceding references which, 
in certain cases, are arrived at more quickly. 

This paper attempts to point out that some of the results 
aan previously found can be obtained more easily by using the 
classical method of variation of parameters. For illustration, 
the problem of a satellite in an initially circular orbit per- 
turbed by a constant radial acceleration’ or a constant trans- 
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The results are then com- 


verse acceleration is considered. 
pared with those found in (5). 

The equations for the variation of the perturbed elements 
of the orbit needed for the comparison are given by (6). 


da 2a? 

{ea, sin + a,(1 + cos &)} [1a] 
de 1 


dw 1 fp 
cost + (1 +") arsin el [le] 


In the following work cases are considered where e is small, 
retaining only first-order terms in the expansions used. 

To determine the variation of the quantities of interest 
over one revolution, Eqs. 1a, b, ¢ are integrated over one cycle 
with the approx'mation 

= 


4 


The velocity of a vehicle in a circular orbit is found from 
= J] 
where since "= 
jie 
r p/a 


a 1+ ecosé 


[4] 
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Eq. 3 yields 


v~ {1 + cos €} [5] 


Since it can be expected that the parameters on the right- 
hand side of Kgs. 1a, b, ¢ will not vary greatly over one cycle, 
integrations are performed using their initial values. For the 
eccentricity e, which is initially zero, the average value over the 
cycle @ is used. 


Constant Radial Acceleration Perturbation 
For this case Eqs. la, b, ¢ are used with a, = 0. Eq. 1b 


may be transformed into - 


a, sin & (6) 
which on integration, noting that e (0) = 0, gives = 

The average eccentricity over the revolution is thus 
= [8] 


Having e, the rotation of the line of apsides may be deter- 
mined from Eq. le rewritten in the form 


dw/dt ~ — [cos — 22 cos? [9] 


Integrating Eq. 9 over one cycle, the rotation of the line of ap- 
sides per revolution is found to be 


Aw = 27a,o?/u [10] 


The change in the semimajor axis caused by a, is obtained 
from Eq. la. Writing Eq. 1a as 


2a,%* _ . 
integration yields 
a/dyo = 1 + — cos [12] 


The difference between the maximum and minimum radial 
distances is found from Eq. 4 with eccentricity given by 
Kq. 7. Therefore 


Tmax — Tmin 2a," 
To 


[13] 


Constant Transverse Acceleration ee 


For this case Eq. 1a is used with a, = 0. Rewriting Eq. la 


in the form 
da/d& ~ 2a,a,3/u [14] 


7 
the change in the semimajor axis per revolution is found to be 


Aa/day = 41 (15) 


Summary 


The results of the present paper, given by Eqs. 8, 10, 13, 15, 
are in exact agreement with the equations of (5). Their 
derivation here, using the already known equations for varia- 
tion of paramete rs, is straightforward and simple, emphasizing 
the usefulness of the method employed. = 


Nomenclature 

a@ = semimajor axis of orbit 

a; = radial acceleration perturbation 

a; = transverse acceleration perturbation 

Aa = change in the semimajor axis per revolution 

e = orbit eccentricity 

é = average eccentricity over one revolution 

p = al —e?) 

r = radial distance from focus of orbit 

t = time 

= trueanomaly 

= gravitational parameter 
w = angle between the line of hodes and the line of apsides 
Aw = rotation of the line of apsides per revolution 
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Thrust Vector Determination of an Ion 
Engine by Differential Comparison 
With an Unthrusted Orbit 


JAMES N. HANSON! 
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The mathematics for computing the thrust acceleration 
vector of a space vehicle continuous propulsion system by 
purely celestial mechanical means is outlined. The effects 
of perturbations (Earth oblateness, drag, etc.) are deleted 
from the total thrust acceleration acting on the center of 
mass of a thrusted vehicle by the differential orbital com- 
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parison with a nearby unthrusted orbiting body. The in- 
put information for these computations is a knowledge of 
the comparison orbit and an accurate record of the vector 
separation of the comparison object center of mass from 
the thrusted vehicle center of mass. 


Dp” TO the problems involved in measuring the effective- 
ness of neutralizing the charge of an ion engine in an 
Earth-bound experiment, it becomes apparent that only a 
space environmental test will yield reliable data (1).2. The lab- 
oratory tests on an ion engine are unreliable and inconclusive 
due to the presence of a vacuum-chamber wall and residual 
gases. The method in this discussion presents a celestial me- 
chanical means whereby the effectiveness of charge neutraliza- 
tion can be determined, i.e., by accurately measuring the thrust 
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acceleration vector as a function of time. These methods of 
calculation are designed primarily for an orbiting vehicle. 
The duration of thrust application may be minutes or hours. 
This test would be more accurate, though more complicated 
to instrument, than the test by changes in the vehicles angular 
motion as proposed by Elliot (2). 

Accelerometers in conjunction with this celestial mechanical 
determination of the thrust vector may be used to obtain the 
amplitude and frequency of micropulsation of the thrust vec- 
tor. For these very small thrusts, say 10 go, the accelerometer 
would be operating near the threshold of sensitivity and there- 
fore would not give absolute acceleration but relative varia- 
tions. 

Let r and R be the geocentric radii vectors of the centers of 
mass of the comparison (unthrusted) and thrusted orbiting 
objects respectively. 

Therefore the vector separation of the center of mass of 
the thrusted vehicle from the center of mass of the comparison 
object is defined by 


o=R-r {1] 


Let F, denote the total force per unit mass acting on the center 
of mass of the comparison body and F, + f denote the total 
force per unit mass acting on the thrusted vehicle, where f is 
the thrust acceleration vector. aaa 


R=F,4+f i & [2] 
on combining Eqs. 1 and 2 


o=F,+f-F, 


=9 — [3] 


r=F, 


and 


Hence f may be determined from the measured o provided 
(F, — F.) can be suitably determined. The next few sections 
establish means for determining the various differential per- 


turbations. 
Earth Potential 


If the Earth is assumed to be an ellipsoid of revolution with 
a density varying confocally, then its potential function may 
be represented by an infinite series in Legendre polynomials. 
If the significant terms of this series are retained, then 


U = p/a,|a./r + J(a./r)(1/3 — sin? B) + 
K(a./r)*°(35 sint 8 — 30 sin? 6+ 3)] [4] 


Therefore, the differential potential acceleration is given by 


AF = V(r, B1) V(R, Be) V(r, B:) 
Vir + Ar, + Afi) = — dV(r, [5] 


where 


Ar = (t/r)-9 [6a] 
and 
wit. 


ue = 


u, = rr“ 


Solar Radiation Pressure 


Let Pz denote the scalar pressure due to solar radiation as 
received perpendicular on a perfect absorber at 1 a.u. 
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from the sun. Then the differential thrust acceleration due to 
solar radiation pressure is 


Qi Qe TO2 
—— — Pp — 
( m = + (= 
assuming the pressure exerted on both the comparison object 
and the thrusted vehicle to be equal and that of a perfect ab- 
sorber. Because of the sun’s great distance in comparison to 


the orbital diameter, ro, = r©2. In terms of D the expression for 
AF becomes 


ar = Ps (S m/ D 


The vector D is tabulated vs. date in the American Ephemeris 
and Nautical Alamanac. In general @:2 will be known a func- 
tion of time depending on the vehicle attitude. @, can be made 
independent of time if taken as spherical. 


Third Body Perturbation 


The only significant third body effects would be those arising 
from the sun or moon. AF may be formulated as 


) [8] 


l, may be adequately approximated by the solar or lunar 
distances. 


Aero and Electrodynamical Drags 
Let the total drag on the comparison body be denoted by 


1A 
2 


then the differential total drag is given by 
AF = Coo (* viv; — As 
2 Me 


where the atmospheric density o is taken to be the same for 
both orbits. Components of electrodynamical drag other than 
tangential are neglected. A, is time, i.e., attitude, de- 
pendent, and A», from the previous section, is independent of 
time. By Eq. 1 


v=R=r+o=vu+0 


and therefore 


1 A : A 
AF = 5 Coe | (4! lve + o| — a+ 
m Me 


2 


The quantity (1/2)Cpo must be determined for the ambient 
state of the atmosphere during the time of the experiment and 
for the particular configuration of the thrusted vehicle. Due to 
the great difficulty in the analytical formulation of (1/2) Cpa, 
a celestial mechanical determination of the quantity is chosen. 

For an orbiting object in a perfect inverse-square field ex- 
periencing only a drag (i.e., tangential) perturbation, it has 
been shown that the semimajor axis decay in a period is given 
by 


da 
(1 + cos — e cos 


where the integration has been taken over one sidereal period. 
For an unperturbed orbit Peiderai = P = anv. a’/u. There- 
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fore in the presence of perturbations 


da 3 dP 


Hence the variation in P is related to (1/2)Cpo as given by 
the following integral equation: 


(5000) (1 + e cos E)/(1 — e cos E)-"dE [10] 


where it is understood that the variation in P is due only to 
drag. Therefore before this formula can be applied, the effect 
of the oblateness must be deleted from that given by drag 
alone. 


dt observed dt drag dt oblateness. 


From Sterne (4), it can be shown that for small eccentricity, 
say e < 0.1, the variation in P due to oblateness is given by 


dP\ 


Therefore by Eq. 11, (dP/dt) drag is determined. The observed 
AP/period may be determined by meridian observations of 
the thrusted vehicle over several successive unthrusted revolu- 
tions just before and just after the experiment duration. This 
integration in Eq. 10 must proceed piecewise over each 
sidereal period, i.e., the terminal values after one sidereal 
period are the initial values for the next integration. The 
accuracy of this integration may be increased by considering 
the associated change in eccentricity, i.e., (4). 


de ] 
= —4m—aP(1 — e?) € Coe) 


dt 


(1 + e cos £)/2(1 — ecos E)-/*cos EdE 


Second-Order Perturbations 


For such an experiment conducted over a period of time on 
the order of days, it was assumed that perturbations due to 
Earth radiation, atmospheric oblateness, and mass anamolies 
to the ellipsoid would be negligible. Similarly, the decrease in 
major axis (i.e., decrease in orbital energy, —u/2a) due to the 
kinetic energy of rotation of the orbiting bodies has been 
neglected. Mutual gravitational attraction between the two 
bodies has been neglected. No inertial forces will exist, since 
a nonrotating (inertial) coordinate system placed at Earth’s 
center has been chosen for these calculations. a 
Observation of the Separation Vector oe 

Attitude control or a knowledge of the attitude of the 
thrusted vehicle will be assumed, i.e., there is known a rotation 
matrix Qs; such that unit vector @/p in a thrusted vehicle 
body fixed system at the center of mass can be transformed into 
its inertial components 


(px, Py, Pz)” = Qis(pi, p2, 


and therefore 


(6x, by, bz)” = Qrs(p1, 2, + Qis(f1, 6s)? 


The rotational matrix Q,3 will be the product of two other ro- 
tational matrices: the transformation from the body fixed 
system (by the three Euler angles) to the reference system (the 
orbital system, i.e., geocentric, circumferential, and ortho- 
gonal) and the transformation from the reference system to the 
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(1 — — 3 sin? %)P? [12] 


inertial system. Let these rotational matrices be denoted by 
and Qs respectively 


Qis = QieQos = 


These matrices are given by (5, 6). The Qi); matrix contains 
the orbital elements 7, u, and 2, and Q,. contains the modified 
Euler angles 6,, 42, 0; defined in that order to make the 


final directions of the orbital system axes the same as the 


vehicle system axes (6). 

A simple method for measuring the angular position of the 
comparison body in the vehicle fixed system would be to ob- 
serve, photoelectrically, an azimuthal angle and a latitudinal 
angle with respect to a set of vehicle fixed axes. These 
measurements may be obtained from a variety of methods, e.g., 
an automated theodolite-phototube tracking system using 
a luminescent comparison body or interferometric measure- 
ments of radiation emitted from the comparison body. The 
measurement of |g| may be accomplished by any of the 
highly accurate electro-optical distance measuring instru- 
ments. These devices are of recent development (since 1950) 
and are completely described in (7). 


_ Case for an Orthogonal Thrust 


By a linearization of the time variation of the orbital in- 


_ clination under an orthogonal thrust acceleration, i.e., per- 


pendicular to the orbital plane, it can be shown that for a 
circular orbit (8) 


Ai/quadrant = sin (2rTy/P) 


If in a 90 min circular orbit, the thrust is applied for 10 min, 
then there results a change of inclination of ~7 X 10-° rad. 
After a quarter revolution the angular separation between the 
thrusted vehicle and the comparison body will correspond to 
linear separation of ~500 m. 

These calculations point out the ability of a thrust not in 
the orbital plane to give a large effect (namely a large p) 
for very short periods of thrust application. A purely ortho- 
gonal thrust has the added advantage of leaving the orbital 


shape invariant, i.e., e and a are constant. 


Nomenclature 

de = equatorial Earth radius 

a = orbital semimajor axis 

a = aspect area for solar pressure 

A = aspect area for drag 

a = azimuthal angle in vehicle fixed coordinate 
system 

B = geocentric latitude = 90° — ¢ 

Cb = drag coefficient 

D = Earth-sun vector = 

= orbital eccentricity 

E = eccentric anomaly aa. 

f = thrust acceleration vector of propulsor engine 

F = disturbing acceleration 

AF = differential disturbing acceleration _ 

G = gravitational constant 

i = orbital inclination 

(%,.3,1) = unit vectors in inertial system ¥. 

Jj IS = second and third harmonic coefficients in Earth’s 
potential function 

1 = third body vehicle vector 

m = vehicle mass 

M = third body mass 

m = field strength = GM 

Pr = radiation pressure 

E = orbital sidereal period 

rO = vehicle-sun vector 

0 = separation vector = R—r 

r = geocentric radius vector to comparison body 

R = geocentric radius vector to thrusted vehicle 


1789 


. 
[ 
i 


atmospheric density 

rotational matrix 

Euler angle 

duration of thrust application (orthogonal) 

longitude in orbital plane from the ascending 
node 

Earth’s potential function 

unit vectors for spherical coordinates 

orbital velocity 

longitude of ascending node in inertial space 


= 


=f 


i> 


initial value 

thrusted body, comparison body i 

body fixed axes tt 

inertial axes 

a thrust perpendicular to the orbital plane (or- 
thogonal) 


== 
New York, 1914, p. 403. 
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— Consumable Case Solid Rocket 


A. N. BAXTER 


Space Technology Laboratories Inc., Los Angeles, Calif. 


For simplicity, the conventional solid rocket pays high 
performance penalties. A consumable case rocket de- 
sign is presented which provides high initial and burn-out 


mass ratios. 


id IS clear from the expression for rocket burnt velocity 
V* = g Isp In (Mo/My) [1] 


that 1) great performance improvement can be achieved by 
increasing (effective) I;p; and 2) a significant improvement is 
possible if mass ratio is greatly increased. This paper con- 
cerns a consumable case solid rocket (CCR) having a burn- 
out mass ratio of approximately 30 and the following nominal 
characteristics: chamber pressure, 700 psi; thrust, 150,000 
to 200,000 lb; initial weight, 50,000 lb. A great advantage of 
the conventional solid rocket is its simplicity, but for sim- 
plicity it pays a high performance penalty. Consider the de- 
sign of the cylindrical case; material thickness t required to 
resist hoop and axial stress are (t) hoop = PcD/2S and (t) axial 
= PcD/4S. The conventional case is approximately 100% 
overdesigned for axial stress. The entire case is accelerated 
throughout its stage’s flight. Since the case is designed for 
pressure peaks (ignition, erosive burning), the rocket operates 
inefficiently when chamber pressure is below this peak (e.g., 
during tail-off). If chamber pressure is lowered to reduce 
weight, performance may be low. Heavy insulation covers 
the case interior to prevent damage of burn-through at one 
particular undefined location; insulation is also accelerated 
during flight. 

Conventional nozzles are heavy and heavily insulated, pri- 
marily for heat protection. Gimbals or swivels are difficult 
to make function properly because of high pressure and heat- 
ing. Roll control requires multiple nozzles or jet vanes (or 
equivalent); these decrease Isp. The CCR avoids many 
of these undesirables. 

In essence, the CCR consists of a cigarette-burning pro- 
pellant grain, fore-end dome, converging-diverging nozzle, 


Paper presented at the ARS Solid Propellant Rocket Con- 
ference, Salt Lake City, Utah, Feb. 1-3, 1961; revision received 
Oct. 19, 1961. 

1 Member Technical Staff. Associate Member ARS. 


threaded connecting rods that maintain dome-nozzle spacing, 
and a drive to advance the nozzle with grain burning surface. 
The rocket does not have a conventional “case” (Fig. 1); the 
5.5-ft diam propellant charge is wrapped with ablative ma- 
terial. Radial stress generated by chamber pressure is re- 
sisted by hoop tension in the nozzle only; axial stress is re- 
sisted by the rods. (Six ‘case rods” are shown.) The rods 
contact neither propellant nor gases. 

At ignition, gases flow axially, forward through an insulat- 
ing blast tube along propellant centerline and aft through 
the nozzle. The former drives the turbine. The turbine ex- 
hausts through ducts to diametrically opposite nozzles 
situated outside the rocket circumference; nozzle actuation 
provides roll moment. The turbine powers the rod drive. 
Combustion gas cooling is achieved by blast tube ablation 
and coolant spray evaporation. Hydraulic control muscle 
for throttle and roll comes from the high pressure coolant or 
turbine inlet gas. The drive keeps the rods in tension; they 
pull the nozzle forward against the aft-acting chamber-pres- 
sure force. The nozzle literally swallows the propellant. 

The ablating material slides along the nozzle interior and 
provides heat protection. Thus, nozzle material may be thin 
and the diverging section insulation light. Sealing is ac- 
complished at the nozzle-propellant interface by ablating- 
sleeve to nozzle-seal contact and gas forcing the ablating 
material against nozzle interior. The rotating, threaded rods 
are restrained from axial motion by fore-end ball bearings. 
A low lead Saginaw nut advances the nozzle. Rod exposed 
aft of the nozzle nut is severed and jettisoned by a small 
shaped charge located inside the rod. 

The three-Curtis-stage turbine operates at 10,000 rpm _ be- 
tween the pressure limits of the combustion chamber and 30 
psia roll control nozzle inlet. Using a one to one mixture of 
water-cooled combustion gas at 2000°F, turbine specific is 
6 lb/hp-hr. Hollow, threaded cylindrical case-rods were se- 
lected because: 1) a high efficiency, Saginaw-ball type of drive 
could be used; 2) grinding threads into rod exterior produces 
minimum stress concentration; 3) hollow cylinders offer 
considerable buckling resistance; and 4) high tensile strength 
can be achieved in thin wall cylinders. The rods were de- 
designed to withstand: 1) the 3 X 10%Ib aft, axial force re- 
sulting from pressure, plus a 10 g axial acceleration; 2) 
buckling loads from a 20,000-lb upper stage with the missile 
standing; and 38) a bending moment of approximately 
1,000,000 in.-lb from aerodynamic and control loads. 

Because Poisson’s ratio is large and the modulus of elas- 
ticity low, the propellant tends to expand radially when 
chamber pressure acts on the aft end and requires circum- 
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ferential support to prevent extrusion. A glass-filament resin 
ablation material of 0.10-in. radial thickness, applied to the 
propellant exterior, provides this support. The propellant 
column alone has more capacity for buckling than is required. 
The 0.10-in. ablating material puckers as it moves aft toward 
the throat; when it reaches the throut, approximately 0.2 
radial inches of material is still present. Considerable gimbal- 
hardware weight can be saved by using only one nozzle, be- 
cause the peripheral distance around multiple openings is 
greater than for a single opening of a given total area. 

Sealing the gases at the nozzle-propellant interface promises 
development difficulties. Several seals were designed. The 
one shown in Fig. 2 uses a radially thin, lubricant pressurized 
torus between the nozzle and the grain exterior. As the noz- 
zle moves relative to the ablative insulation, the flexible torus 
oozes viscous fluid that serves as both seal and lubricant. A 
combination tongue and groove, plus deformable metal O-ring 
seal, is provided when the nozzle meets the fore-end dome at 
burning termination 

Three types of rocket-component heating can occur during 
missile flight, viz., free-stream convection, and convection and 
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radiant heating from roll-control exhaust. Calculations indi- 
cate that no external ablation will occur during a nominal 
5500 n mile trajectory and that the case rod temperature rise 
is approximately 200°F, a rise that would not debilitate 
physical strength. Each roll-control nozzle uses a_ plug 
principle to achieve high Cy at low altitudes. The couple 
generated is nominally 14,000 in.-lb. 

A single-nozzle rocket has the advantage over multiple 
nozzles of providing greater Jateral thrust per unit of angular 
displacement. However, as the CCR burns, the lever arm be- 
tween nozzle and missile ¢.g. may be less than with a con- 
ventional rocket. A question arises as to whether the moment 
of inertia and aerodynamic forces decrease faster than control 
capability. To determine this, the equations of motion were 
written for two different types of missiles: 1) a conventional 
(50,000-lb weight) rocket booster, using a 20,000-lb upper 
stage; and 2) the same 20,000-lb upper stage with a CCR 
booster. Typical values of moment of inertia, weights, 
lengths, etc., were substituted into the equations at burning 
times shortly after ignition, mid-burn, and near burn out. 
The calculations showed that at ignition the force require- 
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ments for both missiles were essentially identical. At mid- 
burn and at burn out, the CCR missile was appreciably less 
difficult to control. 

Three different types of case rod drive systems were de- 
signed and weighed, viz., spur-gear, hypoid, and worm; the 
last two were quite different from the spur drive of Fig. 1. 
Weights were compared to a typical modern solid; all rockets 
fit the same basic envelope. Comparisons are shown in 
Table 1. 

Table 1 shows that: 1) considerably more propellant is 
available for expenditure in the CCR; and 2) the total inert 
materials before ignition and after burnout are appreciably less 
for the the CCR. 

Two methods were used to calculate the relative per- 
formance V* of the conventional rocket CR and the CCR: 
1) gravitationless, drag-free burnt velocity V* for the rockets 
only; and 2) V* for the two types of first-stage rockets (CR 
and CCR) accelerating identical 20,000-lb upper stages. 

The ratio V* ccr/V* cr = 1.41 was calculated from the 
following data for the rockets only: 


Type (Mo/M 7) 
CCR (worm drive) 31.37 
CR 11.62 


The CCR produces a (rocket only) burnt-velocity approxi- 
mately 41% greater than a CR. Calculations (again using 
Eq. 1) showed that the CCR gave the 20,000-lb upper stage 
an 11% higher (first stage burnout) velocity. This is equiva- 
lent * naar ly 700 additional n miles at ICBM ranges. 
An 11% increase in the V* provided by a second stage would 
yield a considerably greater range increase. 

As regards fabrication and cost, the CCR appears to offer 
the following advantages: 1) eliminating manufacture of 


Table 1 
7 Consumable case rocket 
Typical Hypoid, 
modern spiroid, 
Spur* or bevel Worm 
Total weight at ig- 
nition 48,360 50,202 50,160 49,942 
Material expended 
during action 
time 44,200 48,463 48,378 48,351 
Inerts at ignition 4,600 3,090 3,144 2,955 
Unexpended ma- 
terial at end of 
action time 4,160 1,739 1,782 1,591 
* Type of drive. 


large diameter, thin wall, easily damaged cases; 2) easier 
gimbal design; 3) less complex, lighter nozzle, no insulation 
separation; 4) no madrel to pull, no star point propellant 
cracking; 5) few metal to grain bonds to inspect; and 6) 
possibilities for hardware recovery and reuse. On operation 
and performance: 1) small igniter, no erosive burning; 2) 
use high 7;, propellant because of cooled nozzle; 3) thrust 
level control by varying burning rate of axial propellant 
modules; 4) thrust termination and restart by inert separa- 
tion of axial modules; 5) continually jettisoning the inert; 
6) elimination of multiple-nozzle disadvantages; and 7) 
rocket is nonpropulsive during external fire. 

Anticipated development problems include high burning 
rate prope nozzle seal, and the nance 


ing surface. 


a. Free Flight of a Ballistic Missile 
_— (ARS JOURNAL, Vol. 29, No. 12, 1959, pp. 915-926) 


The following typographical errors appear in the paper of 
the above title: 

1) In Kq. 21 on page 918, the factor of dy on the right- 
hand side should read 


sin 


2) Expression for 6R/dy above Eq. 25 on page 919 should 
read 


cos 
sin? 


n(y — ¢) — 


although the final reduced expression for 6R/éy given by Eq. 
25 is correct as it stands. 
3) Eq. 26 on page 920 should read »ollaa! 
6h cos Y 
although the plotted curves in Fig. 8 are correct. 
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a ye 7) Eq. 69 on page 924 should read 


4) The factors which occur inside the integrands of Eqs. 
61 and 62 on page 924 should have plus signs in front of the 


term 2f(0), viz. 


5) The leading factor in both Kqs. 67 and 68 on page 924 
should contain a factor 74 rather than r? in the denominators. 
For instance, Eq. 67 should read 


6) The expression for mo-é, at the bottom of the first 
column of page 924 should have a plus sign rather than a 


minus 
Ney = + 
x 


A cos 6” + Bsin 6” 


dz sin (@ — z)[(3A sin? y — 2)f(z) + 2f(0)] 


GMa? 
—2J Sin COS a a) 


sin cos @ cos 
sin ¢ sin 


_ 2JGMa? sin cos cos B 
f, d6'r2(0") 
dé 


8) Eq. 76 on page 925 should read 
_ sin (y — ¢) 

= ba "| 2 tan 
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Method of operating a jet propulsion sys- 


tem (2,986,874). P. A. George, Schenec- 
tedy, N. Y,, assignor to General Electric 
(ARS corporate member). 

oe inorganic noncombustible residue is 

deposited as a thermal insulation on walls 
of system. 
Method of minimizing boron oxide deposits 
(2,986,876). E. Becker, Grand Island, 
N. Y., assignor to Olin Mathieson Chemi- 
cal Corp. (ARS corporate member). 

Introduction of a normally liquid ether 
of silicon within combustion, turbine, and 
exhaust sections of a jet-type engine. 
Firewall (2,986,878). S. J. Townsend 
(ARS member), Dallas, Tex., assignor to 
Chance Vought Corp. (ARS corporate 
member). 

Openings through a bulkhead surround- 
ing a jet engine, each subdivided into 
smaller openings too small to allow passage 
of flame from one compartment to another. 
Solid propellant starter (2,986,879). I. A. 
Volk Jr., Hasbrouck Heights, N. J., 
assignor to The Bendix Corp. (ARS cor- 
porate member). 

Breech chamber for a cartridge con- 

nected through gas nozzles directed to a 
bladed turbine wheel for rotating a turbine 
engine to starting speed. 
Low-temperature vessels (2,986,891). H. 
Q. MeMahon, Lexington, Mass., assignor 
to Arthur D. Little Inc. (ARS corporate 
member). 

Gas-permeable barrier between first and 
second passages enveloping an inner ves- 
sel. An outlet is adapted to remove gas 
from second passage. 

Low-recoil variable-range missile pro- 
jector (2,986,973). A. L. Waxman, Al- 
bany, N. Y., assignor to the U.S. Navy. 

Venturi port axially extending through 

rear of an expansion chamber and con- 
nected by a valve. Alignment of pro- 
jector is unaffected by variable venting of 
burning gases to the atmosphere. 
Rocket engine structure (2,987,882). H. 
W. Nocke (ARS member), Huntsville, 
Ala., assignor to Thiokol Chemical Corp. 
(ARS corporate member). 


KGS 


Inert slivers of curved triangular cross- 
section between star points of hollow 
propellant charge cast in a casing, aid 
rapid termination of burning. 


Epitror’s Note: Patents listed above 
were selected from the Official Gazette of 
the U. S. Patent Office. Printed copies 
of patents may be obtained from the 
eee of Patents, Washington 25, 

D. C., at a cost of 25 cents each; — 
patents, 10 cents. 


— 
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Jet ignited tracking flare (2,986,999). 
W. A. Fiedler, F. L. Haake and E. 
Kane (ARS member), Oxnard, Calif., as- 
signors to the U.S. Navy. 


Housing, containing a combustible 
charge, mounted on a jet-powered missile 
outside of nozzle exhaust flow. A portion 


of hot gases from flow ignites charge. 
Radar direction of missiles (2,987,269). 
Dr. R. Weller, Silver Spring, Md. 
Method of guiding missiles toward a 
target area by suspending (as by para- 
chutes) microwave transmitters in succes- 
sive time intervals above area. Each 
transmitter projects a beam of different 
frequency towards target. 
Vehicle for testing control systems at 
subsonic speed (2,987,270). H. H. Por- 
ter, Washington, D. C., assignor to the 
U.S. Navy. 


Equipment under test for use in guided 
missiles is housed in a casing having two 
sets of four stabilizing airfoils. A sustain- 
ing rocket propels vehicle. Auxiliary 
rockets housed within casing. 

Restricted solid propellant grain (2,987,- 
388). W. G. Stanley, Munster, Ind., as- 
signor to Standard Oil Co. (Ind). 

Shaped grain consisting of a body com- 
posed of an oxidizable thermoplastic 
binder, an ammonium nitrate combustion 


catalyst, and ammonium nitrate. Restric- 
tor coating is of cellulose acetate. 
Airplane design (190,534). H. A. Smo- 


linski, Santa Susana Heights, Calif. 

Four-place, jet-propelled. Deflector 

ring ahead of passenger compartment, and 
a deflector ring at either side in swept- 
back wing panels. 
Method for increasing the air specific 
impulse of a two-stage compressor turbo- 
jet (2,987,873). H. M. Fox (ARS mem- 
ber), Bartlesville, Okla., assignor to Phil- 
lips Petroleum Co. 

Introduction of ammonia into combus- 
tion products in primary combustion zone 
of a ducted fan jet engine to lower tempera- 
ture of gases to a predetermined value. 
Ceramic lined light-weight rocket motor 
nozzles (2,987,874). K. C. Nicholson, 
Niagara Falls, N. Y. assignor to the Car- 
borundum Co. 

Structure for directional release of high 
velocity hot gases. Nozzle of refractory 


material. Main body of bonded silicon 
carbide. Small volume inlay of zirconium 
boride molybdenum disilicide, beryllia, 


thoria, and stabilized zirconia. 

Ramjet power plants for missiles (2,987,- 
875). H.M. Fox (ARS member), Bartles- 
ville, Okla., assignor to Phillips Petroleum 


0. 

Fuel tank near front of housing. Fast 
burning rocket propellant mounted in 
combustion chamber. Slow burning pro- 


George F. McLaughlin, Contributor 


pellant between chamber and tank. Fuel 
in tank is pressured when latter propellant 
burns. 

Exhaust nozzle control for gas turbine en- 
gines (2,987,876). H. J. Williams and 
J. E. Hurtle, South Bend, Ind., assignors 
to The Bendix Corp. (ARS corporate 
member). 

Variable discharge pump controls a fluid 

pressure responsive control piston for 
varying area of exhaust nozzle. 
Variable geometry intake duct (2,987,878) 
R. C. Bogert, Arcadia, Calif., assignor to 
North American Aviation Inc. (ARS 
corporate member). 

Movable portion within a fixed duct 
aperture at the front of a jet intake to vary 
an area of the aperature. Duct throat 
section varied by an expandable baffle. 
Insulation for rocket motors (2,987,880). 
N. A. Kimmel, Waco, Tex., assignor to 
Phillips Petroleum Co. 

Layer of ceramic fiber paper, layer of 
aluminum foil, second layer of ceramic 
fiber paper, layer of resin-impregnated 
asbestos fiber, and second layer of ceramic 
fiber paper. 

Solid propellant power plant and fuel feed 
method (2,987,881). L. W. Mullane, Ful- 
lerton, Calif. 

Grain fed in a direction to continuously 

advance inwardly through short grain 
support skirt at end remote from nozzle, 
toward combustion chamber throughout 
burning period to assure constant volume 
engine. 
Jet engine noise suppression nozzle 
(2,987,883). J. W. Lawler, Seattle, 
Wash., assignor to The Boeing Co. (ARS 
corporate member). 

Discharge duct with peripherally spaced 
alternate convoluted and involuted por- 
tions. Compressed fluid to control nozzles 
selectively deepens valleys in discharge 
stream, increasing suppression of noises. 
Missile launcher (2,987,964.) A. G. Lo- 
gan, B. Cain (ARS member), and R. Gins- 
bert, Norwalk, Conn., assignors to Ameri- 
can Machine & Foundry Co. (ARS cor- 
porate member). 


Self-collapsing missile mount with ro- 
tatable carriage. A spring returns missile 
support from an upright firing position to a 
collapsed servicing position when missile 
is fired. 

Protective cover (2,987,999). R. O. 
Robinson Jr. and T. W. Sheppard, Silver 
Spring, Md., assignors to the U. S. Navy. 

Groove, in exterior of missile nose, con- 
tains low melting point alloy meltable by 
high velocity air flow occurring after 
launching. A seal covering nose inlet re- 
le: ases W hen alloy 
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Basic Physics of the Solar System, V. M. 
Blanco and 8. W. McCuskey (both in the 
Department of Astronomy, Case Institute 
of Technology), Addison-Wesley Pub- 
lishing Co. Inc., Reading, Mass., 1961, 290 
pp. $7.50. 

Chapters: 1) Astronomical Coordinate 
System; 2) Planets and Their Satel- 
lites; 3) the Earth-Moon System; 4) 
Celestial Dynamics I: the Two-Body 
Problem; 5) Celestial Dynamics II: 
Three- and n-Body Problems; 6) the 
Sun and Interplanetary Space. Appendix: 
tables on conversion of arc to time, physi- 
cal characteristics of the planets, ete (20 
pp.) 

This book presents some of the basic 
physical and dynamical aspects of the solar 
system. It is written for those scientists 
and engineers, not specialists in astronomy, 
who are interested in the rapidly expand- 
ing area of space technology. It is de- 
signed to form a link between elementary 
books on astronomy and the current 
specialized literature pertaining to the 
solar system. 


Full-Scale Fatigue Testing of Aircraft 
Structures, edited by F. J. Plantema and 
J. Schijve (both of National Aeronautical 
Research Institute), Pergamon Press, New 
York, 1961, 426 pp. $15.00. 

Contents: 19 technical papers contrib- 
uted by different authors on such sub- 
jects as current trends in fatigue tests of 
aircraft, endurance under program-fatigue 
testing, fatigue testing of aircraft struc- 
tures, and the quantitative statistical 
approach to the aircraft fatigue problem. 

This is the fifth volume of the series of 
monographs titled ‘‘Aeronautics and 
Astronautics.’ It contains some of the 
papers presented in Amsterdam June 9-11, 
1959, at a symposium attended by scien- 
tists from 11 countries. This book is 
designed for those engaged in studying the 
problem of fatigue in aircraft structures 
and is also intended as a reference work for 
students. 


Nuclear Propulsion, edited by M. W. 
Thring, Butterworths, London, 1960, 290 
pp. $9.50. 

Contents: 16 chapters contributed by 
different authors. 1) Structure of the 
Nucleus and Nuclear Reactions; 2) 
Reactor Physics; 3) Thermodynamics of 
Jet and Rocket Propulsion: the Applica- 
tion of Nuclear Power: 4) Nuclear- 
Powered Closed-Cycle Gas Turbine; 5) 


The books listed here are those recently 
received by the ARS from various publish- 
ers who wish to announce their current 
offerings in the field of astronautics. The 
order of listing does not necessarily indicate 
the editors’ opinion of their relative impor- 
tance or competence 
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Design of Nuclear F.eactors; 6) Metal- 
lurgical Problems in Nuclear Reactors; 7) 
Heat Transfer Problems in Nuclear Engi- 
neering; 8) Reactor Control and Instru- 


mentation; 9) Marine Developments in 
the Nuclear Age; 10) Nuclear Marine 
Propulsion; 11) Some Observations on 


the Application of Nuclear Power to Air- 
craft; 12) Progress in Nuclear Propul- 
sion; 13) Limitations of Chemical Roc- 
kets and the Possibility of the Nuclear 
Rocket; 14) Preparation, Storage, and 
Properties of Working Fluids; 15) Po- 
tential Uses of Ceramics in Nuclear Re- 
actors; 16) Medical and Biological As- 
pects of Life in Sealed Cabins. 


Physical Gas Dynamics, editor-in-chief, 
A. S. Predvoditelev (Institute of Power 
Engineering, USSR Academy of Sciences), 
translated by R. C. Murray and D. R. H. 
Phillips, Pergamon Press, New York, 
1961,183 pp. $7.50. 

Contents: 12 chapters contributed by 
different authors on such subjects as 
methods of calculating the kinetic co- 
efficients of air at high temperatures, 
thermodynamic and gas-dynamic proper- 
ties of flowing air downstream of a normal 
shock wave, flow of gas from a nozzle cut 
in an oblique plane, pressure field occurring 
in water during an electrical discharge, 
development of shock waves in water as a 
result of combination of elementary com- 
pression waves, and interaction of a flame 
with a shock discontinutiy. 

This volume contains the proceedings of 
a symposium devoted to work carried out 
at the Power Engineering Institute of the 
Academy of Sciences of the USSR. It is 
designed to be of interest to scientific 
workers, teachers, engineers, and students 
of senior courses in dynamics or combus- 
tion physics. 


Shock and Vibrations in Linear Systems, 
Paul A. Crafton (Professor of Mechanical 
Engineering, George Washington Uni- 
versity, and Consultant, Naval Research 
Laboratory), Harper & Brothers, New 
York, 1961, 399 pp. $10.00. 

Chapters: 1) Complex Variables; 2) 
Fourier Analysis; 3) Differential Equa- 
tions of Motion; 4) the Transfer Func- 
tion; 5) the Frequency Spectrum; 6) 
Translational Mode of Shock and Vibra- 
tion; 7) Rotational Mode of Shock and 
Vibration; 8) Branched Systems; 9) 
Nonsinusoidal Inputs; 10) Solution of 
the Frequency Equation; 11) Shock and 
Vibration Isolation by Feedback Control; 
12) Lagrange’s Equations of Motion: 
the Energy Method; 13) Wave Equa- 
tions for Autonomous Systems; 14) 
Solutions of the Wave Equations for 
Autonomous Systems: the Frequency 
Equation; 15) Force and Motion In- 
puts 


The purpose of this book is to give the 
reader an understanding of the funda- 
mental principles of shock and vibration 
phenonema and the application of these 
principles to general mechanical and struc- 


tural systems. It is based on an under- 
graduate course given over the past 
several years and is designed to be used as 
an introductory text. 


Temperature Measurement in Engineer- 
ing, Vol. 2, H. Dean Baker (Professor of 
Mechanical Engineering, Columbia Uni- 
versity), E. A. Ryder (former Consulting 
Engineer, Pratt & Whitney Aircraft Div., 
United Aircraft Corp.), and N. H. Baker 
(former Research Assistant, Department 
of Mechanical Engineering, Columbia 
University ), John Wiley & Sons Inc., New 
York, 1961, 465 pp. $13.00. 

Chapters: 1) Resistance Thermom- 
eters; 2) Resistance-Thermometer De- 
sign Calculations; 3) Radiation De- 
tectors; 4) Radiation Pyrometry—De- 
sign-Calculation Techniques; 5) Surface 
Temperatures; 6) Rapidly Changing 
Temperatures; 7) Moving Bodies; 8) 
Transparent Bodies; 9) Liquids; 10) 
Gases; 11) High Temperature Gases; 
12) Low Temperatures; 13) Flame 
Temperatures; 14) -Arc, Plasma, Upper 
Air, Stellar, and Nuclear Reactor Tem- 
peratures. 

The authors believe that a careful study 
of this text will usually provide a sufficient 
introductory grasp of the subject, 
whereas investigation of the references will 
yield a more detailed knowledge. 


Metallic Fatigue, W. J. Harris Jr. (Chief 
Physicist, de Havilland Aircraft Co. Ltd., 
and Thomas Hawksley Medallist, 1957), 
Pergamon Press, New York, 1961, 323 pp. 
$12.50. 

Chapters: 1) Stress Concentration; 
2) Alleviation of Stress Concentration 
Effects; 3) Frequency; 4) Corrosion; 
5) Fretting Fatigue; 6) Crack Propa- 
gation; 7) Statistics; 8) Some Stand- 
ard Aircraft Processes. 

This volume is the first of a series of 
monographs in “Aeronautics and Astro- 
nautics,”’ edited by W. J. Harris Jr. and 
C. Zwikker. It surveys the major factors 
that affect the fatigue behavior of metals 
and uses the author’s experience in those 
fields of research associated with flight 
structures. The researches described to 
indicate possible solutions to fatigue pro- 
blems have been selected on the grounds of 
feasibility with conventional engineering 
facilities. 


Space Astrophysics, edited by William 
Liller (Professor of Astronomy, Harvard 
University ), McGraw-Hill Book Co. Inc., 
New York, 1961, 268 pp. $10.00. 
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Chapters: 1) Ultraviolet Spectroscopy 
of the Sun; 2) Solar Ultraviolet Re- 
search; 3, 4) Telemetering Mono- 
chromator Measurements of Extreme 
Ultraviolet Radiation; 5) Some Plans for 
Experiments in Space; 6) X-Ray and 
Ultraviolet Radiation Measurements from 
Rockets; 7) Ultraviolet Astronomical 
Photometry from Rockets; 8) Solar 
Corona and Interplanetary Gas; 9) 
Solar Wind and the Interplanetary Media; 
10) the Solar Wind; 11) the Moon; 
12), the Electric Universe; 13) Astro- 
stats for Astrophysical Research in Space; 
14) Attitude Control of Artificial Satel- 
lites; 15) Choice of Grating Mountings 
Suitable for a Monochromator in a Space 
Telescope. 

This is a compilation of lectures that 
were delivered by a number of scientists at 
the invitation of the University of Michi- 
gan. The book is designed as a reference 


work on the various branches of space 
astrophysics and as a supplementary text 


for courses in astrophysics, — physics, 


and instrumentation. 


The Second International Symposium on 


Rockets and Astronautics, editor-in-chief, 
Fumio Tamaki (Institute of Industrial 
Science, University of Tokyo Yayoi-cho, 
Chiba City, Japan), Yokendo, Bunkyo- 
Ku, Tokyo, 1961, 344 pp. 

Contents: 56 papers contributed by dif- 
ferent authors on such subjects as the 
spherical solid rocket motor, engineering 
principles in producing reliable solid rock- 
ets, rocket power for manned vehicles, a 
system for lunar photography and data 
transmission, and the legal status of outer 
space. 

This volume contains the proceedings of 
a symposium held in Kanda-Hitotsubu- 
bashi, Tokyo, May 24-28, 1960. The 
sessions of the meeting dealt with pro- 
pellants and propulsion, vehicles, instru- 
mentation, space science, space law, and 


Miniaturization, edited by 


other subjects in rocket technology. 


Horace D. 
Gilbert (President, Miniature Precision 
Bearings Inc.), Reinhold Publishing Corp., 
New York, 1961, 306 pp. $10.00. 

Contents: 16 chapters on miniaturization 
contributed by different authors on such 
subjects as military equipment, aircraft 
electronic equipment, missiles and satel- 
lites, medicine, communications equip- 
ment, computers, consumer products, 
facilities planning, problems in manufac- 
turing of microelectronics, and miniaturi- 
zation for space travel. 

The authors present the problems en- 
countered in the design, manufacture, 
maintenance, and assurance of reliability 
of miniature devices and describe meth- 
ods of meeting these problems. The book 
includes information on the special re- 
quirements of miniaturization for space 
travel. 


Techni 


Propulsion and Power 
(Combustion Systems) 


A Mach 4 Ramjet Propulsion Unit, by 
W. F. Dankhoff, General Electric Co., 
Missile and Space Vehicle Dept., T.1.S. 
R53A0514, May 1953, 55 pp. (ASTIA 
AD17764.) 

Relations of Combustion Dead Time to 
Engine Variables for a 20,000-Pound- 
Thrust Gaseous-Hydrogen-Liquid-Oxygen 
Rocket Engines, by Daniel I. Drain, 
Harold J. Schum and Charles A. Wasser- 
bauer, NASA Tech. Note D-851, June 
1961, 23 pp. 

Experimental Study of Effects of Geo- 
metric Variables on Performance of Coni- 
cal Rocket-Engine Exhaust Nozzles, by 
Harry E. Bloomer, Robert J. Antl and 
Paul E. Renas, NASA Tech. Note D-846, 
June 1961, 61 pp. 

Some Problems Encountered in the 
Design of Large Rocket Engines Test Beds, 
by R. H. B. Forster and L. Breen, Brit. 
Interplanetary Soc., J., vol. 18, no. 2, 
March-April 1961, pp. 55-69. 


Propulsion and Power 
(Noncombustion) 


Magnetic Ignition of Pulsed Gas Dis- 
charges in Air of Low Pressure in a Co- 


Epitor’s Note: Contributions from Pro- 
fessors E. R. G. Eckert, E. M. Sparrow 
and W. E. Ibele of the Heat Transfer Lab- 
oratory, University of Minnesota, are 
gratefully acknowledged. 
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cal Literature 


M. H. Smith, Associate Editor 


The James Forrestal Research Center, Princeton University 


axial Plasma Gun, by and 
fay Norwood Jr., NASA Tech. Note 
D-910, June 1961, 32 pp. 

Energy Conversion for Space Power (a 
selection of technical papers based mainly 
on a symposium of the American Rocket 
Society held at Santa Monica, Calif. 
Sept. 27-30, 1960), Nathan W. Snyder 
(ed.), Academic Press, New York, 1961, 
779 pp. in Astronautics and 
Rocketry, Vol. 3 

Physics of 

Beer, pp. 3-25, 36 refs. 

Thermoelectric Generator Materials, 

by R. C. Miller and R. W. Ure Jr., pp. 

27-53, 31 refs. 

High-Temperature Semiconductors for 

Thermoelectric Conversion, by 8. W. 

Kurnick, R. L. Fitzpatrick and J. F. 

Leavy, pp. 53-61. 

The Use of High Temperature Thermo- 

electric Materials (Silicides) for Power 

Generation in Space, by 8S. E. Mayer 

and I. M. Ritchie, pp. 63-72. 

Irradiation Effects on Thermoelectric 


Materials, by J. C. Danko, G. R. Kilp 
and P. V. Mitchell, pp. 73-83. 
Thermoelectric Elements in Space 


Power Systems, by Douglas L. Kerr, 
pp. 85-109. 

Thermoelectric Materials for Space 
Cooling, by E. E. Gardner and E. 
Woisard, pp. 111-121, 11 refs. 

Review of the Physics of Thermionics, 
by Wayne B. Nottingham, pp. 125-131, 
Plasma Thermionics, by H. W. Lewis, 
pp. 133-136. 

Cesium Converter Studies, by V. C. 
Wilson, pp. 137-154. 


Parametric Optimization of the Emis- 
sion-Limited Thermionic Converter, by 
N.S. Rasor, pp. 155-166 

Experimental Research on Plasma 
Thermionic Energy Converters, by Karl 
G. Hernqvist, pp. 167-175. 

Theory of the Cesium Plasma Energy 
Converter with Tungsten Cathode, by 
Howard L. Steele, pp. 177-190, 10 refs. 
Chemistry of Fuel Element Cathode 
Materials, by Melvin G. Bowman, pp. 
201-209, 11 refs. 

A Nuclear-Thermionic Fuel Element 
Test, by R. C. Howard, L. Yang, H. L. 
Garvin and F. D. Carpenter, pp. 211- 
217. 

The Photovoltaic 
Energy Conversion, by J. J. 
pp. 221-229, 11 refs. 
Advances in Silicon Solar Cell Develop- 
ment, by Martin Wolf, pp. 231-261, 20 
refs. 

Large Area Solar Cells, by J. F. Elliott, 
V. F. Meikleham and C. L. Kolbe, pp. 
263-273. 

Evaporated CdS Film Photovoltaic Cells 
for Solar Energy Conversion, by A. E. 
Middleton, D. A. Gorski and F. A. 
Shirland, pp. 275-299. 

Integrally Composed Variable Energy 
Gas Photo-voltaic Cells, by L. E. Stone, 
J. E. Powderly and W. E. Medcalf, pp. 
299-315. 

Some Theoretical Aspects of the Physics 
of Solar Cells, by Hans J. Queisser and 
William Shockley, pp. 317-323, 14 refs. 
Electron Bombardment of Silicon Solar 
Cells, by R. G. Downing, pp. 325-344. 
Radiation Damage in Satellite Solar 
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Cell Power Systems, by J. M. Denney, 

pp. 345-361. 

High Energy Proton Radiation Damage, 

by J. M. Denney, R. G. Downing and 

A. Grenall, pp. 363-371. 

The Use of Vacuum Deposited Coatings 

to Improve the Conversion of 

Silicon Solar Cells in Space, by Alfred 

Thelen, pp. 373-383. 

General Evaluation of Chemicals for 

Regenerative Fuel Cells, by James King 

Jr., Frank A. Ludwig and J. J. Rowlette, 

pp. 387-410. 

Resume of Thermally Regenerative 

Fuel Cell Systems, by R. E. Henderson, 

B. Agruss and W. G. Caple, pp. 411—423. 

Regenerative Hydrogen-Oxygen Fuel 

Cell, by Frank A. Ludwig, pp. 425-443. 

Fuel Cells with Ion Exchange Mem- 

branes, by Walter Juda, Charles E. 

Tirrell and Robert M. Lurie, pp. 445- 

459, 12 refs. 

Regenerative Ion Exchange Membrane 

Fuel Cell Developments, by J. 8. Bone 

and M. D. Read, pp. 461-468. 

Fuel Cells for Astronautic Application, 

by Gerald E. Starkey, pp. 469-477. 

Secondary Batteries for Energy Storage 

in Space, by Irwin M. Schulman, pp. 

479-496. 

Battery Considerations for a Communi- 

cations Satellite, by U. B. Thomas, pp. 

497-514. 

Vapor Turbine for Space Power, by 

Robert O. Bullock, pp. 517-540, 15 

refs. 

Stirling Engine Development for Space 

Power, by M. C. Parker and C. L. 

Smith, pp. 541-564. 

Comparative Rating of Positive-Dis- 

placement Engines and Turbines for 

Cryogenic Power Systems, by Homer J. 

Wood and Normand E. Morgan, pp. 

565-592. 

Zero Gravity Boiling and Condensing, 

by Lloyd M. Hedgepeth, pp. 593-611. 

An Electro-Mechanical Energy Storage 

System for Space Application, by John 

B. Roes, pp. 613-622. 

The Prospects for MHD Power Genera- 

tion, by G. W. Sutton, and L. Steg, pp. 

625-661, 11 refs. 

Aspects of Magnetohydrodynamic 

(MHD) Generators for Space, by J. H. 

Huth, pp. 663-670, 11 refs. 

Experiments Relating to Generation of 

Power by Magnetohydrodynamics, by 

Stewart Way, pp. 671-691, 13 refs. 

A Vortex MHD Power Generator, by 

R. J. Coerdt, W. C. Davis, R. T. Craig 

and J. E. McCune, pp. 695-714. 

On the Magnetogasdynamics of Com- 

pressible Vortices, by James E. McCune 

and Coleman duP Donaldson, pp. 715- 

741. 

High Voltage Generation in Space: the 

Parametric Electrostatic Machine, by 

A. 8. Denholm, J. G. Trump and A. J. 

Gales, pp. 745-766, 13 refs. 

Electrostatic Generators in Space Power 

Systems, by Dominique Gignoux, pp. 

767-779. 

The Thermoelectric Power of Magne- 
sium-Cadmium Alloys, by Seiichiro 
Noguchi, Phys. Soc. of Japan, J., vol. 
16, no. 6, June 1961, pp. 1145-1140. 


Propellants and Combustion 


Erosive Combustion of Colloidal Pow- 
ders, by P. Tavernier and J. Boisson, 
Great Britain, Ministry of Aviation, 
Tech. Info. and Library Services, TAL, 
T 4891, Dec. 1959, 10 pp. 
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Combustion Instability in Liquid Pro- 
pellant Rocket Motors, Tech. Rep.: An 
Investigation of Transverse Mode Combus- 
tion Instability in Liquid Propellant Rocket 
Motors, by F. H. Reardon, Princeton 
Univ., Dept. Aeron. Engng. Rep. 550, June 
1961, 123 pp. (Thesis, Ph.D.) 

Experimental Investigation of Ionization 
Processes in Flames, by A. Van Tiggelen, 
Lowain Univ., Lab. for Inorganic Chem., 
May 1961, 23 pp. 

A Technique for Cryopumping Hydro- 
gen, by Jack Grobman, NASA Tech. 
Note D-863, June 1961. 

Experimental Investigation of Heat- 
Transfer Characteristics of Hydrazine 
and a Mixture of 90% Hydrazine and 10% 
Ethylenediamine, by M. B. Noel, Calif. 
Inst. Tech., Jet Propulsion Lab. Tech. 
Rep. 32-109, June 1961, 18 pp. 

Free Molecular Heat Transfer in the 
Ionosphere, by L. M. Gilbert and S. M. 
Scala, General Electric Co., Missile and 
Space Vehicle Dept. T.I.S. R61SD076, 
March 1961, 32 pp. 13 figs. 

Electrically Exploded Wires; Experi- 
ments and Theory, by J. B. Langworthy, 
R. C. O’Rourke, M. P. Shuler, I. M. Vit- 
kovitsky, C. B. Dobbie, R. J. Veith and 
D. F. Hansen, Naval Res. Lab. Rep. 5489, 
Prog. Rep. for March 1, 1958 to June 30, 
1960, May 1961, 132 pp. 

The Thermodynamic and Electrical 
Properties of Dissociated Combustion 
Gases, by W. Craig Moffatt, Proj. Squid 
Tech. Rep. MIT-27-P, June 1961, 8 pp. 

Bond Dissociation Energies in Small 
Hydrocarbon Molecules, by Bruce E. 
Knox and Howard B. Palmer, Proj. 
Squid PSU-6-P. (Reprinted from Chem. 
Rev., vol. 61, June 1961, pp. 247-255, 
64 refs.) 

Preliminary Report on the Thermody- 
namic Properties of Selected Light-Ele- 
ment and Some Related Compounds, by 
William H. Evans, Thomas W. Mears, 
George Armstrong, L. A. Krieger, R. F. 
Walker, Martin L. Reilly, George T. 
Furnkawa, Thomas B. Douglas and An- 
drew C. Victor, National Bur. Standards 
Rep. 7093, Jan. 1961, 253 pp. 

Rate of Reaction O + H.—OH + Hin 
Flames, by C. P. Fenimore and G. W. 
Jones, J. Phys. Chem., vol. 65, no. 6, 
June 1961, pp. 993-998. 

Topologies of B, and B; Hydrides, by 
William N. Lipscomb, J. Phys. Chem., 
vol. 65, no. 6, June 1961, pp. 1064-1070. 

Mach Reflection of Detonation Waves 
in Condensed High Explosives, by B. B. 
Dunne, Phys. of Fluids, vol. 4, no. 7, July 
1961, pp. 918-924. 

Ignition in a Flow by Hot Bodies, by 
8. A. Gol’denberg, ARS JourNAL, vol. 31, 
May 1961, pp. 691-693. 

Proceedings of the 26th Shock and 
Vibration Symposium, Naval Training 
Center, San Diego, May 1958, Washington 
Secretary of Defense, 1958, 326 pp. Shock 
and Vibration Symposium, 26th San 
Diego, May 1958 (Shock and Vibration 
Bull. 26, Pt. II, unclassified papers.) 
(ASTIA AD-20-0700.) 

A Simplified Model of Resonant Burning 

in Solid Propellants, by W. Nachbar, 

pp. 209-214. a 


Materials and Structures > 


Plasticity and Nonlinear Elastic Strains, 
by Marvin E. Backman, Bur. Naval 
Weapons, NAVWEPS Rep. 7648, April 
1961, 30 pp. 

Meteoroids vs. Space Vehicles, by R. L. 
Bjork, ARS JourNnaAt, vol. 31, no. 6, June 
1961, pp. 803-807. 
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Effect Upon Shock Spectra of the Dy- 
namic Reaction of Structures, by G. J. 
O’Hara, Experimental Mechanics, vol. 1, 
no. 5, May 1961, pp. 145-151. 

Stresses of Nozzle Connections of Pres- 
sure Vessels, by D. E. Hardenbergh, 
Experimental Mechanics, vol. 1, no. 5, 
May 1961, pp. 152-158. 

Temperature Dependence of Elastic 
Constants of Some Cermet Specimens, by 
Sam Spinner, J. Res. National Bur. of 
Standards (C. Engng. and Instrumentation), 
vol. 65, no. 2, April-June 1961, pp. 89-96. 

Progress in Ceramic Science, Vol. 1, 
J. E. Burke (ed.), Pergamon Press, New 
York, 1961, 232 pp. 

A Review of Glass Strength, by R. J. 

Charles, pp. 1-38, bibliog. pp. 37-38. 

Vaporization of Oxides, by R. J. Acker- 

man and R. J. Thorn, pp. 39-88, bibliog. 

pp. 85-88. 

Design Problems of Ballistic Missile 
Tank Structures, by D. S. Houghton and 
D. J. Johns, Aircraft Engng., vol. 33, no. 
389, July 1961, pp. 188-192. 

Ignition Characteristics of Metals and 
Alloys, by L. E. Dean and W. R. Thomp- 
son, ARS JourNAL, vol. 31, no. 7, July 
1961, pp. 917-923. 

Creep Collapse of Cylindrical Shells, by 
Thein Wah, Franklin Inst., J., vol. 272, 
no. 1, July 1961, pp. 45-60. 

Compact Apparatus for High Tempera- 
ture Modulus of Rupture Measurement, 
by Peter T. B. Shaffer, Rev. Scien. Instr., 
vol. 32, no. 7, July 1961, pp. 794-795. 

Investigation of the Iron-Chromium- 
Titanium Phase Diagram in a Region of 
Iron- and Chromium-Rich Alloys, b 
N. G. Boriskina and I. I. Kornilov, AT 
JouURNAL, vol. 31, no. 7, July 1961, pp. 
961-966. 

The Vaporization of Graphite, TiC, ZrC, 
and HfC, by G. L. Vidale, Gen. Electric Co., 
Missile and Space Vehicle Dept. T.LS. 
R618 D010, Jan. 1961, 47 pp. 


Centrifuge Creep Testing of Visco- 
elastic Materials, by Charles H. Parr, 
Rohm & Haas Co., Quar. Prog. Rep. on 
Engng. Res., Dec. 15, 1960 to March 15, 
1961, June 1961, 5 pp. 

A Boron-Base Refractory, by Perry G. 
Cotter, Bureau of Mines, Rep. of Investi- 
gations 5774, 1961, 7 pp. 


Axisymmetric Pressure Loading of 
Thin Shells of Revolution: Approximate 
Membrane Solution, by H. E. Williams, 
Calif. Inst. Tech., Jet Propulsion Lab. 
Tech. Rep. 32-52, Feb. 1961, 18 pp. 

Axisymmetric Edge Loading of Shells of 
Revolution, by H. E. Williams, Calif. Inst. 
Tech., Jet Propulsion Lab. Tech. Rep. 
32-50, Feb. 1961, 20 pp. 

The Effects of Temperature and Time 
on Aircraft and Missile Structures, by 
N. J. Hoff, Stanford Univ., Dept. Aeron. 
Engng., SUDAER No. 99, "Jan. 1961, 88 
pp. (AFOSR TN 61-646.) 


Deformation of Heated Shells, by W. S. 
Hemp, Stanford Univ., Dept. Aeron. 
Engng., SUDAER No. 103, April 1961, 94 
pp. (AFOSR TN 61-770.) 

Analysis of Partly Wrinkled Mem- 
branes, by Manuel Stein and John M. 
Hedgepeth, NASA Tech. Note D-813, 
July 1961, 32 pp. 

Stress Concentrations in Filamentary 
Structures, by John M. Hedgepeth, 
NASA Tech. Note D-882, May 1961, 
30 pp. 

Stability of Refractory Compounds in 
Hydrogen Between 4500° and 5000°F, and 
their Compatibility with Tungsten, by 
Charles E. May and Paul D. Hoekstra, 
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NASA Tech. Note D-844, May 1961, 12 
pp: 

Effect of a Load-Alleviating Structure on 
the Landing Behavior of a Reentry-Cap- 
sule Model, by Edward L. Hoffman, 
Sandy M. Stubbs and John R. McGehee, 
NASA Tech. Note D-811, May 1961, 29 
pp. 

Supersonic Panel Flutter Test Results 
for Flat Fiber-Glass Sandwich Panels 
with Foamed Cores, by W. J. Tuovila and 
John G. Presnell Jr., NASA Tech. Note 
D-827, June 1961, 15 pp. 

Surface Tension of Refractory Metals, 
by 8S. Victor Radcilifie and H. Udin, 
Wright Air Dev. Div., WADD TR 60-566 
Dec. 1960, 37 pp., 45 refs. 

Investigations of the Deterioration of 22 
Refractory Materials in a Mach Number 
2 Jet at a Stagnation Temperature of 
3,800°F, by B. W. Lewis, NASA Tech. 
Note D-906, June 1961, 17 pp. 

The Effect of Axial Constraint on the 
Instability of Thin Conical Shells Under 
External Pressure, by Josef Singer, /srael 
Inst. Tech., Tech. Note 2, Dec. 1960. 
(AFOSR TN 60-860.) 

Compatibility of Freon 114 Used in 
Mercury Support Equipment with Various 
Hose Materials, by W. C. Stormer, Aero- 
space Engng., vol. 20, no. 6, June 1961, pp. 
28-29, 84-86. 

Corrosion Problems Encountered in Silo 
Storage of Missiles, by Leo E. Gatzek, 
Aerospace Engng., vol. 20, no. 6, June 
1961, pp. 34-35, 87-90. 

Equations for the Non-Stationary Tem- 
perature Fields in Thin Shells in the Pres- 
ence of Sources of Heat, by V. V. Bolo- 
tin, PMM, J. Appl. Math. and Mech., 
vol. 24, no. 2, 1960, pp. 515-519. 

Plasticity Conditions for Thin Shells, by 
V. I. Rozenblium, PMM, J. Appl. Math. 
and Mech., vol. 24, no. 2, 1960, pp. 520- 
524. 

Melting Diagram for the Titanium- 
Vanadium-Molybdenum Ternary System, 
by I. I. Kornilov and R. S. Poliakova, 
ARS Journat vol. 31, May 1961, pp. 
698-699. 

Proceedings of the 26th Shock and 
Vibration Symposium, Naval Training 
Center, San Diego, May i958, Washington 
Secretary of Defense, 1958, 326 pp. 
Shock and Vibration Symposium, 26th, 
San Diego, May 1958, (Shock and Vibra- 


tion Bull. 26, Pt. II, unclassified papers.)- 


(ASTIA AD-20-0700.) 
Vibratory Environment of a Ramjet 
Vehicle, by R. C. Geiger, pp. 7-15. 
Shock and Vibration Data of Corporal 
Components, by M. M. Yancey, pp. 
16-20. 

Impulse and Structural Failure at High- 

Speed Water Entry, by M. Kornhauser, 

pp. 28-32. 

The Response of Missile Components 

to Water Entry Shock, by J. H. Green, 

pp. 21-27. 

Self-Induced Oscillations of a Cylindri- 

cal Cantilever in a Wind for Reynold’s 

Numbers Greater than Critical, by A. A. 

Ezra, pp. 180-184. 

On the Rotationally Symmetric Motion 

of a Cylindrical Shell Under the In- 

fluence of Pressure Front Traveling at 

Constant Velocity, by J. I. Bluhm and 

F. I. Baratta, pp. 185-200. 

The Theory of Vibration and Noise Iso- 

lation in Shells and Housings, by FE. J. 

Skudrzyk, pp. 201-208. 

Analysis of Vibration Data, by F. H. 

Eng, pp. 231-236. 

Correlation and Spectral Analysis of 

Time Varying Data, by J. M. Zimmer- 
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man, pp. 237-258. 

A Proposed Method for Assessing the 
Severity of the Vibration Environment, 
by J. T. Marshall and R. A. Harmen, 
pp. 259-277. 

The Effect of Atmosphere on Creep and 
Fatigue at Elevated Temperature, by 
M. R. Achter, pp. 287-294. 

Proposal for Acoustical Vibration Tests 
Using the Redstone and Jupiter Missiles, 
by R. M. Hunt and J. H. Farrow, pp. 
308-314. 

Acoustic Fatigue and Damping, by B. J. 
Lazan and W. J. Trapp, pp. 295-307. 
Space Requirements for Equipment 
Items Subjected to Random Excitation, 
by J. A. Skoog and G. G. Setterlund, 
pp. 315-322. 


Flaid Dynamics, Heat Transfer, 
and MHD 


Characteristics of Heat Flux Meter for 
Use in High Temperature Atmospheres, 
by L. M. Fingerson and P. L. Blackshear, 
Project Squid, Tech. Rep. MIN-1-P, Feb. 
1961, 29 pp. 

A Method for Determining the Heat 
Conductivity Coefficient of a Gas with a 
Single AC Heated Hot Wire, by Herbert J. 
Bomelburg, Aberdeen Proving Ground, 
Ballistic Res. Labs. Rep. 1107, May 1960, 
25 pp. 

Experimental Investigations of Laminar 
Heat Transfer and Transition with Foreign 
Gas Injection—a 16° Porous Cone at 
M = 5, by C. J. Scott, Minnesota Univ., 
Rosemount Aeron. Labs., Res. Rep. 174, 
Oct. 1960, 36 figs., 40 pp., 37 refs. 
(AFOSR TN 60-1370.) 

Inviscid Modes of Instability for Flow 
in a Curved Channel, by D. A. Lee and 
W. H. Reid, Brown Univ., Div. Appl. 
Math. Tech. Rep. 140, April 1961, 14 pp. 

Compressible Laminar Motion with 
Fluctuation in a Free Stream Tempera- 
ture, by S. L. Soo, Project Squid Tech. 
Rep. ILL-1-P, May 1961, 6 pp. 

Measurements of Aerodynamic Heat 
Transfer on a 15° Cone-Cylinder-Flare 
Configuration in Free Flight at Mach 
Numbers up to 4.7, by Charles B. Rumsey 
and Dorothy B. Lee, NASA Tech. Note 
D-824, May 1961, 61 pp. 

An Investigation of Laminar Heat 
Transfer to Slender Cones in the Hyper- 
sonic Shock Tunnel, by Charles FE. Wittliff 
and Merle R. Wilson, Cornell Aeron. Lab. 
Rep. AF-1270-A-2, May 1961, 60 pp., 47 
refs. 

Stagnation Point Fluctuations on Bodies 
of Revolution with Hemispherical Noses, 
by A. M. Kuethe, W. W. Willmarth and 
G. H. Crocker, Michigan Univ., Dept. 
Aeron. Astron. Engng., June 1960, 26 pp. 
(AFOSR 60-65.) 

Simultaneous Transfer of Momentum, 
Heat and Mass, Part II: Gas-Vapour 
Mixtures, by Gianni Jarre, Torino, Labora- 
torio di Meccanica Applicata del Politec- 
nico, Feb. 1961, 15 pp. 

Heat Flux Probe for Dynamic Measure- 
ments in High Temperature Gases, by 
L. M. Fingerson and P. L. Blackshear, 
Project Squid Tech. Rep. MIN-2-P, May 
1961, 24 pp. 

A Frequency Modulation Circuit for the 
Measurement of Gas Conductivity and 
Boundary Layer Thickness in a Shock 
Tube, by P. Savic and G. T. Boult, 
Canada, National Res. Council, Div. 
Mech. Engng. MT-43, May 1961, 31 pp. 
16 figs. 

Charts for Conical and Two-Dimen- 


(1961, pp. 241-252. 


sional Oblique-Shock Flow Parameters in 
Helium at Mach Numbers from about 1 
to 100, by Arthur Henderson Jr. and 
Dorothy O. Braswell, NASA Tech. Note 
D-819, June 1961, 183 pp. 

Physical Gas Dynamics (Translated 
from the Russian by R. C. Murray and 
D. R. H. Phillips), A. S. Predvoditelev 
(ed.), Pergamon Press, New York, 1961, 
183 pp. 

Thermodynamic Properties of Air Be- 

tween 1000° and 12,000°K and 0.001 

and 1000 Atmospheres, by KE. V. 

Stupochenko, et al., pp. 1-40. 

Methods of Calculating the Kinetic 

Coefficients of Air High Temperatures, 

by E. V. Stupochenko, et al., pp. 41-60. 

Effect of Internal Degrees of Freedom 

of Particles on the Transfer Coefficients 

in Multi-component Gas Mixtures, by 

E. V. Samuilov, pp. 61-72. 

Thermodynamic and Gas-Dynamic 

Properties of Flowing Air Downstream 

of a Normal Shock Wave with Allow- 

ance for Ionization and Dissociation, by 

I. B. Rozhdestvenskii, pp. 73-85. 

Determination of Gas-Dynamic Proper- 

ties of Flow Behind a Normal Shock 

Wave with Correction for Variable 

Specific Heats and Dissociation of Air, 

by N. F. Gorban, pp. 86-95. 

Flow of Gas from a Nozzle Cut in an 

Oblique Plane, by V. P. Motulevich, 

pp. 96-118. 

Unsymmetrical Supersonic Gas Flow 

Around Edges of Finite Thickness, by 

V. P. Motulevich, pp. 119-148. 

Kinetics, Equilibria and Performance of 
High Temperature Systems; Proceedings 
of The First Conference (Combustion 
Institute Western States Section, Ist 
Conference, Los Angeles, Nov. 1959) 
Gilbert S. Bahn and Edward E. Zukoski 
(eds.), Butterworth & Co., London, 1960, 
255 pp. 

Approximations to High Temperature 

Thermodynamics of Air in Closed Form, 

by A. R. Hochstim, pp. 39-52. 

Shock Wave Asymmetry for Cones and 
Sphere Cones at Angle of Attack, by 
Robert A. Greenberg and Stephen C. 
Traugott, ARS Journat, vol. 31, no. 6, 
June 1961, pp. 821-822. 

“Pinhole Camera’’ for Determination 
of Plasma Arc Rotational Speed, by E. A. 
Bunt and H. L. Olson, ARS JourNAL, vol. 
31, no. 6, June 1961, pp. 826. 

Contact Surface Tailoring in a Chemical 
Shock Tube, by Howard B. Palmer and 
Bruce E. Knox, ARS Journat, vol. 31, 
no. 6, June 1961, pp. 826-828. 

Adiabatic Nozzle Flows, by R. A. A. 
Bryant, ARS Journat, vol. 31, no. 6, 
June 1961, pp. 828-830. 

Simplified Sudden-Freezing Analysis 
for Nonequilibrium Nozzle Flows, by 
K. N. C. Bray, ARS Journat, vol. 31, no. 
6, June 1961, pp. 831-834. 

Temperature Distribution in Couette 
Flow With Radiation, by R. Vishanta and 
R. J. Grosh, ARS JourNAL, vol. 31, no. 6, 
June 1961, pp. 8389-840. 

Estimation of the Critical Viscous Sub- 
layer in Heat Transfer Problems, by Ajit 
Kumar Ray, Appl. Sci. Res., Section A, 
vol. 10, no. 3-4, 1961, pp. 173-179. 

Temperature-Dependent Heat Sources 
of Sinks in a Stagnation Point Flow, by 
E. M. Sparrow and R. D. Cess, Appl. Sez. 
Res., Section A, vol. 10, no. 3-4, 1961, pp. 
185-197. 

Mass Transfer with a Moving Inter- 
face, by W. J. Beek and C. A. P. Bakker, 
Appl. Sct. Res., Section A, vol. 10, no. 3-4, 
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Flow of a Simple Non-Newtonian Fluid 
Past a Sphere, by John Slattery, Appl. 
Sci. Res., Section A, vol. 10, no. 3-4, 1961, 
pp. 286-294. 

Laminar Stagnation Flow of an Elec- 
trically Conducting Fluid Against an 
Infinite Plate in the Presence of a Trans- 
verse Magnetic Field, by A. S Gupta, 
Appl. Sci. Res., Section B, vol. 9, no. 1 
1961, pp. 45--50. 

Electromagnetic Generation of Vorticity 
in the Uniform Efflux of a Conducting 
Fluid from the Surface of a Magnetized 
Sphere, by J. D. Murray, Appl. Sci. Res., 
Seciion B, vol. 9, no. 1, 1961, pp. 65-76. 

Isentropic One-Dimensional Magneto- 
hydrodynamic Channel Flow, by Boris 
Podolsky and A. Sherman, Appl. Sci. 
Res., Section B, vol. 9, no. 1, 1961, pp. 
77-82. 

Relativistic Fluids of Infinite Conduc- 
tivity, by Yvonne Bruhat, Astronautica 
Acta, vol. 6, no. 6, 1960, pp. 354-365. (In 
French.) 

Linearized Supersonic Flow in an 
Axisymmetric Jet Issuing in Air at Rest, 
by Enrico Pistolesi and Marino Marini, 
Pisa Univ., Inst. Aeron., March 1961, 22 
pp. (AFOSR 852.) 

Hypersonic Flow-Blast Analogy, by J. 
Lukasiewicz, Arnold Engng. Dev. Center, 
AEDC TR 61-4, June 1961, 76 pp. 

Aerodynamics of Highly Rarefied 
Gases, by G. N. Patterson, Toronto Univ., 
Inst. Aerophys. UTIA Review 18, March 
1961, 74 pp. 


Boundary Layer Effects in 
hydrodynamic Flows, by W. Cra 
Moffatt, Proj. Squid, Tech. ng: MIT 2: 
P, June '1961, 41 pp. 


Slip Flow in the Laminar Boundary 
Layer Over a Flow Plate at Hypersonic 
Speeds, by Robert E. Street, Univ. of 
Washington, Dept. Aeron. Engng., April 
1961, 44 pp. (AFOSR 558.) 


Non-Stationary Boundary Layers Be- 
hind Compression Shocks and Expansion 
Waves, by E. von Becker, Progress in 
Aeron. Sciences, Vol. 1, Pergamon Press, 
New York, 1961, pp. 105-173, 80 refs. 
(In German.) 

The Downstream Influence of Mass 
Transfer at the Nose of a Slender Cone, 
by Robert J. Cresci and Paul A. Libby, 
Brooklyn Polytech. Inst., Dept. Aerospace 
Engng. Appl. Mech. Rep. 634, May 1961, 
46 pp. 

One-Dimensional Flow of Dissociated 
Diatomic Gases, by G. R. Inger, Douglas 
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Aircraft Co. Rep. SM-38523, May 1961, 63 
pp. 

Hypersonic Viscous Shock Layer of 
Nonequilibrium Dissociating Gas, by 
Paul M. Chung, NASA Tech. Rep. R-109, 
1961, 40 pp. 

A Flow Model for Hypersonic Rarefied 
Gasdynamics with Applications to Shock 
Structure and Sphere Drag, by Nicholas 
Rott and Clive G. Whittenbury, Douglas 
Aircraft Co. Rep. SM-38524, May 1961, 
34 pp. 

Laminar Heat-Transfer and Pressure- 
Distribution Studies on a Series of Reentry 
Nose Shapes at a Mach Number of 19.4 in 
Helium, by Richard D. Wagner Jr., W 
Clint Pine and Arthur Henderson Jr., 
NASA Tech. Note D-891, June 1961, 
39 pp. 

Heat Transfer to Cold Electrodes in a 
Flowing Ionized Gas, by James A. Fay and 
William T. Hogan, Mass. Inst. Tech., 
Magnetogas-dynamics Lab. Rep. 61-2, 
April 1961, 14 pp. (AFOSR 595.) 

Mass Addition Effects on Hypersonic 
Heat Transfer to a Two-Dimensional 
Body, by S. M. Scala and W. F. Ashley, 
General Electric Co., Missile and Space 
Vehicle Dept. T.1.S. R60SD491, Dec. 1960, 
19 pp. 

Equations of Transport of Radiant En- 
ergy and Similarity of Radiating Systems, 
by A. S. Nevski, Purdue Univ. Radiative 
Transfer Project, Transl. TT-8, March 
1961, 19 pp. (Transl. from Zhurnal 
Tekhnicheskoi Fiziki, vol. 10, no. 18.) 

Research on Radiant Energy Transfer 
in an Absorbing Medium, by I. P. Kolche- 
nogova and 8. N. Shorin, Purdue Univ., 
Radiative Energy Project, Transl. TT-7, 
March 1961, 6 pp. (Transl. from Jzvestiia 
Akademii Nauk SSSR, Otdel. Tekh. Nauk, 
1956.) 

A One-Megawatt Pulsed RF Generator 
for Plasma Heating, by Homer M. Hill 
Jr., Princeton Univ., Plasma Physics Lab., 
M ATT-72, May 1961, 11 pp. 

The Use of a T-Tube to Produce Shock- 
Heated Plasmas in an X-Band Waveguide, 
by J. M. Schecher, Maryland Univ., Inst. 
for Fluid Dynamics and Appl. Math., 
Tech. Note BN-245, April 1961, 38 pp. 
(AFOSR 757.) 

Investigations of Phenomena Associated 
with Electrodeless Ring Discharge in 
Hydrogen, by Gerhard Herzberg, Cornell 
Aeron. Lab., May 1961, 17 pp. (Transl. 
by J. Lotsof from Annalen der Physik, 
Fourth Series, vol. 84, no. 21, pp. 553-577, 
1927.) 
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General Theory of Collision-Broadening 
tee Lines, by Oldwig von Roos, 
ve @ Inst. Tech., Jet Propulsion Lab. 

ech. Rep. 32-100, "April 1961, 14 pp. 

Pressure Shocks in Viscous Heat Con- 
ducting Gases, by T. Y. Thomas and C. R. 
Edstrom, Proc. National Acad. Sci., vol. 
47, no. 3, March 1961, pp. 319-325. 

Investigation of the Attenuation of 
Shock Waves Propagated Through an 
Ionized Gas in the Presence of a Trans- 
verse Magnetic Field, by S. P. Carfangno 
and G. P. Wachtell, Project Squid, Tech. 
Rep. FIL-1-R, June 1961, 80 pp. 

Substitution of a Catalytic Probe for a 
Tube of Infinite Length in Atom Recom- 
bination Experiments, by Bernard J. Wood 
and A. Bruce King, Project Squid, Tech. 
Rep. SRI-10-P, June 1961, 5 pp. 

On the Limiting Velocity for a Rotating 
Plasma, by Shao-Chi Lin, Avco-Everett 
Res. Lab. Res. Rep. 101, April 1961, 51 pp. 

The Newtonian Approximation in Mag- 
netic Hypersonic Stagnation-Point Flow, 
by Paul 8S. Lykoudis, J. Aerospace Sct., vol. 
28, July 1961, pp. 541-546. 

Microwave Measurement of Fast Time 
Varying Plasmas, by Susumu Takeda, 
Phys. Soc. of Japan. J., vol. 16, no. 6, 
June 1961, pp. 1267-1268. 


Radiation by Charged Particles Passing 
Through an Electron Plasma in an Ex- 
ternal Magnetic Field, by S. K. Majum- 
dar, Phys. Soc., London, Proc., vol. 77, 
Pt. 6, no. 498, June 1961, pp. 1109-1120. 


Transport Phenomena in a Fully Ionized 
Gas Confined in a Strong Magnetic Field, 
by Tohoki Koga, Phys. of Fluids, vol. 4, 
no. 7, July 1961, pp. 834-841. 

Three-Dimensional Hypersonic Gas 
Flow Past Slender Bodies at High Angles 
of Attack, by V. V. Sycher, PMM, 
Appl. Math. and Mech., vol. 24, no. 2, 
1960, pp. 296-306. 

On the Uniqueness of Quasihyperbolic 
Magnetohydrodynamic Flows, by M. N. 
Kogan, PMM, J, Appl. Math. and Mech., 
vol. 24, no. 2, 1960, pp. 530-533. 

On the Transition from Subsonic to 
Supersonic Velocities in Laval Nozzles, 
by O. S. Ryzkov, PMM, J. Appl. Math. 
and Mech., vol. 24, no. 2, 1960, pp. 534- 
540. 

One Dimensional Flow of a Compressi- 
ble Gas in a Pipe in the Presence of a 
Transverse Magnetic Field, by I. B. 
Chekmarev, PMM, J. Appl. Math. and 
Mech., vol. 24, no. 2, 1960, pp. 553-555. 

On an Exact Solution of the Equations of 
Magnetohydrodynamics, by S. A. Reg- 
irer, PMM, J. Appl. Math. and Mech., 
vol. 24, no. 2, 1960, pp. 556-561. 

Fall of a Spherical Drop in the Presence 
of Evaporation of Condensation of Vapors 
at Its Surface, by V. S. Novoselov, ARS 
JOURNAL, vol. 31, May 1961, pp. 686-688. 
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Optimum Maneuvers for Launching 
Satellites Into Circular Orbits of Arbitrary 
Radius And Inclination, by J. P. Carstens 
and T. N. Edelbaum, ARS Journat, vol. 
31, no. 7, July 1961, pp. 943-949. 


Satellite Life Duration, by Thomas L. 
Vincent, ARS JourNAL, vol. 31, no. 7, 
July 1961, pp. 1015-1018. 

Secular Gravitational Torque on a 
Satellite in a Circular Orbit, by Russel A. 
Nidey, ARS JourNAL, vol. 31, no. 7, July 
1961, p. 1032. 

Dynamic Effects in the Motion of 
Artificial Earth Satellites, by L. I. Sedov, 
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Planetary and Space Sci., vol. 5, no. 3, 
July 1961, pp. 238-243. 

Numerical Solutions of Equations of 
Finite Differences and Their Application to 
the Calculation of Orbits of Artificial 
Earth Satellites, by G. P. Taratynova, 
ARS Journat, vol. 31, no. 7, July 1961, 
pp. 976-988. 

On the Motion of a Slender Rigid Body 
Caused by a Small Torque, by H. E. 
Williams, Calif. Inst. Tech., Jet Propulsion 
Lab. Tech. Rep. 32-62, March 1961, 22 pp. 

Possible Increase of Base Pressure 
Behind a Wedge at Hypersonic Velocities, 
by E. N. Bondarev and M. Ia. Iudelovich, 
The Johns Hopkins Univ., Appl. Phys. 
Lab. TG 230-T233, April 1961, 2 pp. 
(Transl. from [zvestiia Akad. Nauk SSSR, 
Otdel. Tekh. Nauk. Mekh. i Mashino- 
stroenie, No. 5, Sept.—Oct. 1960, p. 186.) 

Some Experiments at High Supersonic 
Speeds on the Aerodynamic and Bound- 
ary-Layer Transition Characteristics of 


High-Drag Bodies of Revolution, by 
Alvin Seiff, Simon C. Sommer and 
Thomas N. Canning, NACA Res. Mem. 
A56105, Jan. 1957, 91 pp. (Declassified 
by authority of NASA TPA No. 45, 
June 22, 1961.) 


Preliminary Analysis of the Effect of 
Flow Separation Due to Rocket Jet Plum- 
ing on Aircraft Dynamic Stability During 
Atmospheric Exit, by Murray Dryer and 
Warren J. North, NASA Mem. 4-22-59E, 
June 1959, 35 pp. (Declassified by author- 
ity of NASA TPA No. 45, June 22, 1961.) 

Non-linear Effects in the Longitudinal 
Dynamics of a Lifting Vehicle in a Circular 
Orbit, by R. 8. Rangi, Inst. Aerophysics, 
Univ. of Toronto Tech. Note 40, Oct. 1960, 
18 pp. 

An Investigation of the Aerodynamic 
Characteristics of Thin Delta Wings with 
a Symmetrical Double-Wedge Section at 

a Mach Number of 6.9, by Mitchel H. 
Bertram and William D. McCauley, 
NACA Res. Mem. L55B14, April 1955, 40 
pp. (Declassified by authority of NASA 
TPA No. 45, June 22, 1961.) 

Tables of Z Functions for Atmosphere 
Entry Analyses, by Dean R. Chapman and 
Arline K. Kapphahn, NASA Tech. Rep. 
R-106, 1961, 277 pp. 

The Effect of Radiation Force on Satel- 
lites of Convex Shape, by Herbert B. 
Holl, NASA Tech. Note D-604, May 1961, 
53 pp. 

A Concept of a Manned Satellite Re- 
entry which is Completed with a Glide 
Landing, by Donald C. Cheatham, NASA 
Tech. Mem. 226*, Dec. 1959, 44 pp. 
(Declassified by authority of NASA TPA 
No. 45, June 22, 1961.) 

Optimum Soft Landing Trajectories, 
PartI: Analysis, by Lawrence J. Berman, 
Mass. Inst. Tech., Dept. Aeron. and Astro- 
nautics, Astrodynamics March 
1961. (AFOSR 519.) 

On the Dynamics of a Space Vehicle, 
ee with One Main Rocket Motor 
and Two Vernier Motors, by J. M. J. 
Kooy, Astronautica Acta, vol. 6, no. 6, 
1960, pp. 322-341. 

Fundamental Analysis of Various Dy- 
namic Stability Problems for Missiles, by 
T. J. Coakley, E. V. Laitone and W. I 
Maas, Calif. Univ., Berkeley, Inst. Engng. 
Res. Series 176, Issue 1, June 1961, 96 pp, 

Theory of Artificial Stabilization of 
Missiles and Space Vehicles with Exposi- 
tion of Four Control Principles, by R. F. 
Hoelker, NASA Tech. Note D-555, June 
1961, 22 pp. 

Theoretical Evaluation of the Pressures, 
Forces, and Moments at Hypersonic 
Speeds Acting on Arbitrary Bodies of 
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Revolution Undergoing Separate and Com- 
bined Angle-of-Attack and Pitching Mo- 
tions, by Kenneth Margolis, NASA Tech. 
Note D-652, June 1961, 32 pp. 

The Flight Environment of Long-Range 
Ballistic Missiles and Glide Vehicles, by 
Kurt R. Enkenhus, Naval Ordnance Lab., 
NAVORD Rep. 6745, Oct. 16, 1959, 20 
pp. 

Proceedings of the 26th Shock and 
Vibration Symposium, Naval Training 
Center, San Diego, May 1958, Washington 
Secretary of Defense, 1958, 326 pp., 
Shock and Vibration Symposium, 26th, 
San Diego, May 1958. (Shock and Vibra- 
tion Bull. 26, pt. II, unclassified papers.) 
(ASTIA AD-20-0700.) 

Karman Vortex Forces on the Vanguard 

Rocket, by R. L. Goldman, pp. 171- 

179. 

An Experimental Investigation of the 
Damping of Liquid Oscillations in an Ob- 
late Spheroidal Tank With and Without 
Baffles, by David G. Stephens, H. Wayne 
Leonard and Milton A. Silverira, NASA 
Tech. Note D-808, June 1961, 23 pp. 

An Investigation of the Natural Fre- 
quencies and Mode Shapes of Liquids in 


Oblate Spheroidal Tanks, by H. Wayne 
Leonard and William C. Walton Jr., 
NASA Tech. Note D-904, June 1961, 
24 pp. 


Optimum Trajectory of N-Stage Mis- 
siles, by Harry W. Harcrow, Brit. Inter- 
planetary Soc., J., vol. 18, no. 2, Mareh- 
April 1961, pp. 70-73. 

Minimum Energy Entry into Planetary 
Satellite Orbits, by S. W. Greenwood, 
Brit. Interplanetary Soc., J., vol. 18, no. 2, 
March-April 1961, pp. 73-75. 

Laws of Similitude in the Calculation of 
Reentry Trajectories and of the Nose Abla- 
tion of Vehicles, by L. Broglio, Astron. 
Acta, vol. 7, no. 1, 1961, pp. 21-34. (In 
French.) 

Rigid Body Attitude Stability and 
Natural Frequencies in a Circular bg 
by D. B. Debra and R. H. Delp, J. Astron. 
Sci., vol. 8, no. 1, Spring 1961, ‘pp. 14-17. 

On Two Classes of Plane Extremal 
Motions of a Rocket in Vacuum, by Iu. 
A. Gorelov, PMM, J. Appl. Math. and 
Mech., vol. 24, no. 2, 1960, pp. 434-442. 

Interplanetary Trajectories for Space 
Vehicles with Low-Thrust Acceleration, 
by Gunther Au, Raketentechnik und Raum- 
fahrtforschung, vol. 5, no. 2, April-June 
1961, pp. 47-55. (In German.) 

Space, Time and Astronautics, by J. M. 
J. Kooy, Raketentechnik und Raumfahrt- 
forschung, vol. 5, no. 2, April-June 1961, 
pp. 37-46. (In German.) 

Reconnaissance Orbits Normal to the 
Ecliptic Plane, by S. W. Greenwood, 
Royal Aeron. Soc., J., vol. 65, no. 606, 
June 1961, pp. 437-488. 


Vehicle Design, Testing, and 
Performance 


Effects of Boattailing and Nozzle Ex- 
tension on the Thrust Minus-Drag of a 
Multiple-Jet Configuration, by William R. 
Seott, NASA Tech. Note D-887, June 
1961, 48 pp. 

Aerodynamic Characteristics at a Mach 
Number of 3.10 of Several Fourth-Stage 
Shapes of the Scout Research Vehicle, by 
Byron M. Jaquet, NASA Tech. Note D- 
916, June 1961, 17 pp. 

Selection of Power Requirements for 
Nuclear-Electric Spacecraft Missions, by 
Jerry P. Davis, Calif. Inst. Tech., Jet Pro- 
pulsion Lab. Tech. Rep. 32-114, May 1961, 


ENGINEERS 


SCIENTISTS 
in the fields of 
space vehicle 


power and propulsion 


The Propulsion and Power Systems 
Department of the Aerospace Vehicles 
Laboratory has several unusually 
interesting openings for engineers and 
scientists who are interested in the 
fields of space vehicle power and pro- 
pulsion. The openings are at all levels 
of experience — from recent graduates 
to the senior staff level. Most of the 
positions will involve design and analy- 
sis of power and propulsion systems for 
satellite and space probe application. 
Specifically, some of the areas of 


specialization are: 


1 SPACE POWER SYSTEMS 


The positions will involve analysis and 
development of such energy sources 


as: photo voltaic, thermionic, thermo- 
electric, battery and advanced energy stor- 


age systems. 


2 


ical and electric propulsion systems. 


3 PROGRAM MANAGEMENT 


perience in the field will be required. 


If you are interested and believe that you 
can contribute, please mail your resume to: 


We promise you a reply within one week. 5 


Creating a new world with Electronics 


Robert A. Martin, 
Supervisor of Employment 
HUGHES 

11940 W. Jefferson Blvd. 
Culver City, California 


An equal opportunity employer. 


HUGHES AIRCRAFT COMPANY 


AEROSPACE DIVISIONS 


SPACE PROPULSION SYSTEMS 


The positions will involve the prelimi- 
nary and conceptual design and com- 
parative analysis of all types of chem- 


The positions will be associated with 
the development of solid and liquid 
propellent rocket engines. Advanced 
degrees are preferred and considerable ex- 
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The Conceptual Design of a Nuclear- 
Electric Power Spacecraft for the Explora- 
tion of Jupiter, by Robert J. Beale, Calif. 
Inst. Tech., Jet Propulsion Lab. Tech. 
Rep. 32-115, May 1961, 24 pp. 

Development of Hypervelocity Range 
Techniques at Arnold Engineering De- 
velopment Center, by J. Lukasiewicz, W. 
B. Stephenson, P. L. Clemens and D. E. 
Anderson, Arnold Engng. Dev. Center, 
AEDC-TR-61-0, June 1961, 74 pp. 

DOVAP Data Reduction for IGY Gre- 
nade Aerobee Rockets, by P. A. Titus, 
Michigan Univ., Dept. Aeron. and Astron. 
Engng. Tech. Rep. 2387-58-T, March 1960, 
15 pp. (Suppl. to Tech. Rep. 2387-50-T.) 

Interplanetary Trajectories and Pay- 
load Capabilities of Advanced Propulsion 
Vehicles, by W. G. Melbourne, Calzf. 
Inst. Tech., Jet Propulsion Lab. Tech. Rep. 
32068, March 1961, 79 pp. 

The First Titan Hardened Facilities, 
by Marvin J. Kudroff, Acrospace Engng., 
vol. 20, no. 6, June 1961, pp. 10-11,41—46. 

Vertical Floating Launch of Rocket 
Vehicles, by J. E. Draim and C. E. Stalzer, 
Aerospace Engng., vol. 20, no. 6, June 
1961, pp. 12-13, 46-53. 

Hawk Missile System Electronic Repair 
Shops, by W. J. Perreault, Aerospace 
Engng., vol. 20, no. 6, June 1961, pp. 16- 
17, 66-70. 

Range Safety—A Necessary Evil, by 
Adolf iL Knothe, Aerospace Engng., vol. 
20, no. 6, June 1961, pp. 20-21, 70-76. 

Minuteman Missile Transportation Sys- 
tem, by George T. Drakeley, Aerospace 
Engng., vol. 20, no. 6, June 1961, pp. 22- 
23, 78-79. 

Hawk Hydraulic and Electromechanical 
Field Maintenance Equipment, by Theo- 
dore Jacobsohn and Henry A. Matarazzo, 
Aerospace Engng., vol. 20, no. 6, June 
1961, pp. 36-37, 90-91. 

A Direct Variational Method for the 
Calculation of Optimum Thrust Programs 
for Power-Limited Interplanetary Flight, 
by C. Saltzer and C. W. Fetheroff, Astro- 
nautica Acta, vol. 7, no. 1, 1961, pp. 8-20. 


On a Problem of Minimum Weight 
Design, by Z. Mroz, Quar. Appl. Math., 
vol. 19, no. 2, July 1961, pp. 127-136. 

What an Astronaut Will See and En- 
counter When Flying at a Speed Approach- 
ing That of Light, by S. M. Rytov, ARS 
JouRNAL, vol. 3l, May 1961, pp. 678-681. 


Guidance and Control 


Study of an Active “ware System for a 
Spinning Body, by Adams, NASA 
Tech. Note D-905, ed ‘i961, 30 pp. 

Analytical Investigation of an Adaptive 
Flight-Control System Using a Sinusoidal 
Test Signal, by Jack E. Harris, NASA 
Tech. Note D-909, June 1961, 64 pp. 

Study of a Solar Sensor for Use in 
Space-Vehicle Orientation Control Sys- 
tems, by Paul R. Spencer, NASA Tech. 
Note D-885, June 1961, 39 pp. 

Analytical Evaluation of a Method of 
Midcourse Guidance for Rendezvous with 
Earth Satellites, by John M. Eggleston 
and Robert S. Dunning, NASA Tech. 
Note D-83, June 1961, 61 pp. 

Minimum-Time Steering Programs for 
Orbital Transfer with Low-Thrust Rockets, 
by C. R. Foulders, Astronautica Acta, vol. 
7, no. 1, 1961, pp. 35-49. 

Analysis of Error Progression in Ter- 
minal Guidance for Lunar Landing, by 
P. J. deFries, J. Astron. Sci., vol. 8, no. 1, 


Spring 1961, pp. 18-27. 
Approximate Computation of 
Control by the Direct Method, by N 


Krasovskii, PMM, J. Appl. Math. and 
Mech., vol. 24, no. 2, 1960, pp. 390-397. 

A Limiting Process in the Solution of an 
Optimal Control Problem, F. M. Kirillova, 
PMM, J. Appl. Math. and Mech., vol. 
24, no. 2, 1960, pp. 398-405. 

On the Stability of the Equilibrium 
Positions for Discontinuous Systems, by 
M. A. Aizerman and F. R. Gantmakher, 
PMM, J. Appl. Math. and Mech., vol. 
24, no. 2, 1960, pp. 406-421. 

Optimization in Control Systems with 
Distributed Parameters, by A. G. But- 
kowskiand A. Ja. Lerner, Regelungstechnik, 
vol. 9, no. 5, May 1961, pp. 185-188. (In 
German.) 

Control Loops with Periodically Applied 
Instantaneous Value of Controlled Vari- 
able, by W. Peinke, Regelungstechnik, vol. 
9, no. 5, May 1961, pp. 188-194. (In 
German.) 

A Contribution to the Calculating of the 
Frequency Response of Relay Systems, 
by J. Tschauner, Regelungstechnik, vol. 
9, no. 5, May 1961, pp. 200-203. (In 
German. ) 

Qualitative Investigation of the Tra- 
jectories of Difference Equations Near a 


Fixed Point, by A. M. Panov, ARS 
JOURNAL, vol. 31, May 1961, pp. 682- 
685. 


Instrumentation and 
Communications 


Proceedings of the 26th Shock and 
Vibration Symposium, Naval Training 
Center, San Diego, May 1958, Washington 
Secretary of Defense, 1958, 326 pp. 
Shock and Vibration Symposium, 26th, 
San Diego, May 1958, (Shock and Vibra- 
tion Bull. 26, Pt. II, unclassified papers.) 
(ASTIA AD-20-0700.) 

Temperature and Other Extraneous 

Effects on Piezo-electric Vibration Pick- 

ups, by T. A. Peris, pp. 90-95. 

Special Considerations in Telemetering 

Missile Vibration, by M. R. Beckman, 

pp. 96-101. 

A Piezoresistive Semiconductor Ac- 

celerometer, by R. G. Barclay, pp. 

102-105. 

Environmental Effects on Measuring 

Instruments Causing Errors in Results, 

by E. L. Kessler, pp. 106-113. 

Effects of High-Intensity Acoustic ng 

on Crystal Vibration Pickups, by 

Bradley Jr., pp. 114-119. 

A Method for Measuring Impact Pres- 

sure at High Mach Number without 

Using a Surface Orifice, by T. R. Wrat- 

hall, pp. 147-170. 

The Doppler Shift for Accelerating 
Transmitter, Reflectors and Receivers, by 
H. Lass and C. B. Solloway, Calif. Inst 
Tech., Jet Propulsion Lab. Tech. Rep. 32- 
95, May 1961, 12 pp. 

Coding Theory and its Applications to 
Communications Systems, by Leonard 
Baumert, Mahlon Esterling, Solomon W. 
Solomb and Andrew Viterbi, Calif. Inst. 
Tech., Jet Propulsion Lab. Tech. Rep. 32- 
67, March 1961, 84 pp. 

Apparatus and Methods for Measure- 
ment of the Radio Transmissions of Arti- 
ficial Satellites, (Deutsche Bundes- 
post), by H. Fleischer, Raketentechnik und 
Raumfahrtforschung, vol. 5, no. 2, April- 
June 1961, pp. 56-62. (In German.) 

Rapid Response Infrared Spectrom- 
eter, by A. Girard and M. Chatanier, 
Recherche Aeron., no. 81, 1961, pp. 39-44. 
(In French.) 

Ionization Gauge for Transient Gas 
Pressures, by J. D. Cobine and E. E 


Burger, Rev. Scien. Instr. vol. 32, no. 6, 
June 1961, pp. 717-720. 

Measurement of the Energy Losses in a 
Plasma by Means of Bolometers, by 
L. L. Gorelik and E. A. Lobikov, Soviet 
Phys.: Tech. Phys., vol. 6, no. 1, July 
1961, pp. 90-91. 

Influence of Signal at Fluctuational 
Noise on a Frequency Discriminator, by 
of Electrosvyaz'), no. 10, 1960, pp. 1057- 
1072. 

Spectrum of a Signal Subject to Fre- 
quency Conversion, by B. A. Khanov, 
Telecommunications (Transl. of Electro- 
svyaz’), no. 10, 1960, pp. 1073-1083. 

Variation of the Albedo of the First 
Artificial Earth Satellite as a Result of the 
Influence of External Factors, by I. M. 
Yatzunsky and O. V. Gurko, ARS Jour- 
NAL, vol. 31, May 1961, pp. 698-699. 

Relation of Frequency of Ultra Short 
Wave Field Amplitude Decay, Drift Speed 
of Inhomogeneities in the Troposphere, 
and Carrier Frequency, by A. A. Semensov 
and G. A. Karpeyev, ARS JourNat, vol. 
31, May 1961, pp. 688-691. 

An Artificial Comet as a Method for 
Optical Observation of a Cosmic Rocket, 
by I. S. Shklovskii, ARS JourNAL, vol. 31, 
May 1961, pp. 699-705. 


Atmospheric and Space Physics 


Certain Computations of the Thermal 
Mistery of the Moon, by B. Iu. Levin and 
S. V. Maeva, Akademiia Nauk SSSR, 
Doklady, vol. 133, no. 1, July 1960, pp. 
92-94. (In Russian.) 

The Origin of the Moon. I. For- 
mation of a Swarm of Bodies Around the 
Earth, by E. L. Ruskol, Soviet Astronomy 
AJ, vol. 4, no. 4, Jan.—Feb. 1961, pp. 
657-668. 

Three Theories on the Craters of the 
Moon, by J. W. MacVey, Air Force and 
Space Digest, vol. 4, no. 3, March 1961, pp. 
74-79. 

The Origin of the Moon’s Surface 
Features, by a H. Morrow, Kentucky 
Engineer, vol. no. 2, Jan. 1961, pp. 
14-15, 54-55, 57. 

The Explicit Expression for First-Order 
Secular Perturbations in Terms of the 
Orbit Elements, by M. 8. Yarov-Yarovoi, 
Soviet Astronomy AJ, vol. 4, no. 4, Jan.— 
Feb. 1961, pp. 722-734. 

Mirror and Azimuthal Drift Fre- 
quencies for Geomagnetically Trapped 
Particles, by D. A. Hamlin, R. Karplus, 
R. C. Vik and K. M. Watson, J. Geophys. 
Res., vol. 66, no. 1, Jan. 1961, pp. 1-4. 

Variation of the Equilibrium and 
Abundances within the Solar and Stellar 
Photospheres. V - the Abundance of 
Titanium, by R. Kandel, Annales d’ Astro- 
phys., vol. 23, no. 6, 1960, pp. 995-1005. 
(In French.) 

The Cosmic Ray Flare on November 12, 
1960, and Solar Activity During the 
Period November 10-15, 1960 (Staff of 
the Ionosphere and Radio-Astronomy 
Sect. of the Netherlands Postal and Tele- 
comm. Services), Nature, vol. 189, no. 
4763, Feb. 11, 1961, pp. 438-440. 

The Mechanism of Formation of Active 
Regions in the Presence of a Magnetic 
Field, by S. B. Pikel’ner, Soviet Astronomy 
AJ, vol. 4, no. 4, Jan.-Feb. 1961, pp. 
590-594. 

The Distance of the Solar Crescent at 
the Time of a Partial Eclipse of the Sun, 
by J. Meeus, Ciel et Terre, vol. 76, no. 11-12, 
Nov.—Dec. 1960, pp. 403-406. (In 
French.) 


JouRNAL 


J 


The Generation of Cosmic Rays in 
Flares, by A. B. Severnyi and V. P. 
Shabanskii, Soviet Astronomy AJ, vol. 4, 
no. 4, Jan.—Feb. 1961, pp. 583-589. 

Spectra of a Bright Coronal Prominence 
Associated with a Class 3 Flare, by I. 
Elliott, M. A. Ellison and J. H. Reid, 
Royal Astronom. Soc., Monthly Notices, 
vol. 121, 1960, pp. 463-469. 

Dynamic Spectra and Polarization of 
Small Bursts in Solar Radio Emission, by 
T. deGroot, Astronom. Inst. of the Nether- 
lands, Bull., vol. 15, no. 502, Dee. 30, 
1960, pp. 229-236. 

Influence of Augmentation of the Con- 
tinuous Radioelectric Emission on the 
Emission of Type I Solar Burst, by A. 
Boischotand P. Simon, Annales d’ Astro- 
phys., vol. 23, no. 6, 1960, pp. 1006-1009. 
(In French.) 

Dynamic Spectra and Principal Charac- 
teristics of Short-Lived Bursts of Solar 
Radio Emission, by V. V. Vitkevich and 
M. V. Gorelova, Soviet Astronomy AJ, 
vol. 4, no. 4, Jan.—Feb. 1961, pp. 595-602. 

Theory of X-Ray Emission of the Sun, 
by G. Elwert, J. Geophys. Res., vol. 66, 
no. 2, Feb. 1961, pp. 391-401. 

Solar Intensity and Limb Darkening 
Between 8.6 and 13 yu, by F. Saiedy, 
Royal Astronom. Soc., Monthly Notices, 
vol. 121, no. 5, 1960, pp. 483-495. 

The Solar Red-Shift, by L. A. Higgs, 
Royal Astronom. Soc., Monthly Notices, 
vol. 121, no. 5, 1960, pp. 421-436. 

An Estimate of Electron Densities in 
the Exosphere by Means of Nose Whis- 
tlers, by J. H. Pope, J. Geophys. Res., vol. 
66, no. 1, Jan. 1961, pp. 67-75. 

The 5577 A Airglow Emission 
Mechanism, by C. A. Barth and A. F. 
Hildebrandt, J. Geophys. Res., vol. 66, no. 
3, March 1961, pp. 985-986. 

Excitation of Green and Red Lines in 
the Night Airglow, by S. N. Ghosh and A. 
Sharma, J. Almospheric and Terrestrial 
Phys., vol. 20, no. 2-3, March 1961, pp. 
110-121. 

The Red Line in the Night Sky at the 
Equator, by A. Delsemme and D. Del- 
semme, Annales de geophys., vol. 16, no. 4, 
Oct.—Dec. 1960, pp. 507-524. (In French.) 

Study of Variations of the Forbidden 
Oxygen Lines in the Nightglow, by M. C. 
Pande and S. 8. Varma, J. Atmospheric and 
Terrestrial Phys., vol. 20, no. 2-3, March 
1961, pp. 195-199. 

Seasonal Variation and Interpretation 
of the OH Rotational Temperature of the 
Airglow, by L. Wallace, J. Atmospheric 
and Terrestrial Phys., vol. 20, no. 2-3, 
March 1961, pp. 85-93, 

On Antimatter and Cosmology, by C. J. 
Kevane, Science, vol. 133, no. 3452, Feb. 
24, 1961, pp. 580-581. 

On the Construction of a Model 
Atmosphere, by A. D. Bolyunova, Acad. 
Sci., USSR, Bull. Geophys. Series, no. 10, 
March 1961, pp. 1022-1024. (In Russian.) 

Temporal Variations of the Auroral 
Radio-Echo Activity in Subauroral Lati- 
tudes, by C. D. Watkins, J. Atmospheric 
and Terrestrial Phys., vol. 20, no. 2-3, 
March 1961, pp. 140-148. 

On the Excitation of the First Positive 
N. Bands in Aurorae, by A. Omholt, J. 
Atmospheric and Terrestrial Phys., vol. 20, 
no. 2-3, March 1961, pp. 217-219. 


The Stable Auroral Arc, by D. Barbier, 
Annales de geophys., vol. 16, no. 4, Oct.— 
Dec. 1960, pp. 544-549. (In French.) 


Correlation of Visual and Subvisual 
Auroras with Changes in the Outer Van 
Allen Radiation Zone, Natl. Acad. Sci., 
IGY Bull., no. 45, March 1961, pp. 1-6. 


DECEMBER 1961 


Spectrographic Study of the Polar 
Aurorae During the IGY at College, 
Alaska, by L. Herman, Annales de geo- 
phys., vol. 16, no. 4, Oct.—Dec. 1960, pp. 
525-543. (In French.) 

A Note on 106.1-MC Auroral Echoes 
Detected at Stanford Following the Solar 
Event of November 12, 1960, by R. L. 
Leadabrand, W. E. Jaye and R. B. Dyce, 
J. Geophys. Res., vol. 66, no. 4, April 
1961, pp. 1069-1072. 

Auroral Radio-Echoes and Magnetic 
Disturbances, by C. D. Watkins, J. 
Atmospheric and Terrestrial Phys., vol. 20, 
no. 2-3, March 1961, pp. 131-139, 

The Between Unique Geo- 
magnetic and Auroral Events, by Y. 
Sobouti, J. Geophys. Res., vol. 66, no. 3, 
March 1961, pp. 725-737. 

Comet Observations, by G. Van Bies- 
broeck, Astronom. J., vol. 66, no. 2, March 
1961, pp. 96-102. 

Physical and Orbital Behavior of 
Comets, by R. E. Squires and D. B. 
Beard, Astrophys. J., vol. 133, no. 2, 
March 1961, pp. 657-667. 

The Motion of Comet Enckebacklund 
During 1898-1911 and a New Determina- 
tion of the Mass of Mercury, by 8S. G. 
Makover and N. A. Bokhan, Soviet 
Physics- Doklady, vol. 5, no. 5, March- 
April 1961, pp. 923-925. (In Russian.) 

Characteristics of Cosmic Radio Radia- 
tion, by H. C. Ko, Physics Today, vol. 14, 
no. 4, April 1961, pp. 35-39. 

The High-Energy Cosmic-Ray Flare of 
May 4, 1960, I. High-Altitude Ionization 
and Counter Measurements, by J. 7 
Winckler, A. J. Masley and T. C. May, 
Geophys. Res. , vol. 66, no. 4, April 1961, Fol 
1023-1027. 

Space Radiation Levels, by J. E. 
Naugle, Nucleonics, vol. 19, no. 4, April 
1961, pp. 89-91. 

Theoretical Calculation of the Solar 
Diurnal Variation of the Cosmic Ray 
Intensity, by K. Nagashima, V. R. Potnis 
and M. A. Pomerantz, Nuovo Cimento, 
vol. 19, no. 2, Jan. 16, 1961, pp. 292-330. 

Short-Term Variations in Meson and 
Nucleon Component of Cosmic Rays, by 
V. L. Patel and K. Maeda, J. Geophys. 
Res., vol. 66, no. 4, April 1961, pp. 1286- 
1287. 

The Interpretation of Cosmology, by B. 
Balazs and Gy Paal, Nature, vol. 189, no. 
4769, March 25, 1961, pp. 992-993. 

Analysis of the Unevenness of the Ro- 
tation of the Earth. I The Method and 
the Annual Term, by A. Danjou, Comptes 
Rendus Hebdom. des Seances de lI’ Aca- 
demie des Sciences, vol. 252, no. 14, April 
5, 1961, pp. 2039-2044. (In French.) 

On the New System of Rotation of the 
Earth, Established in July 1959, by E. 
Schatzman, Annales de geophys., vol. 16, 
no. 4, Oct.-Dec. 1960, pp. 495-506. (In 
French.) 

Satellite Determination of Heavy Pri- 
mary Cosmic-Ray Spectrum, M. A. 
Pomerantz, 8. P. Agarwal, P. Schwed and 
H. Hanson, Phys. Rev. Letters, vol. 6, no. 
7, April 1, 1961, pp. 362-364. 

Theoretical World Curves of Maximum 
F2 Ionization—II, by J. E. C. Gliddon and 
P. C. Kendall, J. Atmospheric and Terres- 
trial Phys., vol. 20, no. 2-3, March 1961, 
pp. 183-188 

The F-Layer at Sunrise, by H. Rish- 
beth and C.S8. G. K. Setty, J. Atmospheric 
and Terrestrial Phys., vol. 20, no. 4, April 
5 1961, pp. 263-276. 

Diffusion of Ionization in the Sunrise 
F-Layer, by H. Rishbeth, J. Atmospheric 
and Terrestrial Phys., vol. 20, no. 4, April 


On the Influence of iseeaianiaad Motion 


of the Neutral Air on the Diffusion Equa- 
tion of the F-Region, by J. P. Dougherty, 
J. Atmospheric and Terrestrial Phys., vol. 
20, no. 2—3, March 1961, pp. 167-176. 

Solar Wind and the Gegenschein, by 
E. R. Harrison, Nature, vol. 189, no. 4769, 
March 25, 1961, pp. 993-994. 

The Distribution of Hydrogen in the 
Telluric Hydrogen Corona, by F. 5S. 
Johnson, Astrophys. J., vol. 133, no. 2, 
March 1961, pp. 701-705. 

Streaming of Interstellar Hydrogen in 
the Vicinity of the Sun, by R. X. McGee, 
J. D. Murray and J. L. Pawsey, Nature, 
vol. 189, no. 4769, March 25, 1961, pp. 
957-959. 

Interplanetary Gas. III. A Hydro- 
dynamic Model of the Corona, by J. W. 
Chamberlain, Astrophys. J., vol. 133, no. 
2, March 1961, ‘pp. 675-687. 

Interplanetary Gas. IV. Neutral 7 
drogen in a Model Solar Corona, by J. C 
Brandt, Astrophys. J., vol. 133, no. 2, 
March 1961, pp. 688-700. 

Ionosphere Electron Content and Its 
Variations Deduced from Satellite Ob- 
servations, by K. C. Yeh and G. W. 
Swenson Jr., J. Geophys. Res., vol. 66, no. 
4, April 1961, pp. 1061-1067. 

On the Large Scale Regions of Ir- 
regularities Producing Scintillation of 
Signals Transmitted from Earth Satel- 
lites, by J. Frihagen and J. Troim, 
Atmospheric and Terrestrial Phys., vol. 20, 
no. 2-3, March 1961, pp. 215-216. 

Observations of Jupiter at a Wave 
Length of 10 CM, by R. M. Slaanaker and 
J. W. Boland, « Astrophys. J., vol. 133, no. 2, 
March 1961, pp. 649-656. 

Some Highlights of the 1960 Jupiter 
Apparition, by P. R. Glaser, Strolling 
Astronomer, vol. 15, no. 3-4, March- 
April 1961, pp. 37-46. 

Low-Latitude and High-Latitude Geo- 
magnetic Agitation, by E. R. Hope, J. 
Geophys. Res., vol. 66, no. 3, March 1961, 
pp. 747-776. 

Influence of Sunspots on Geomagnetic 
Disturbances, by F. Ward and R. Shapiro, 
J. Geophys. Res., vol. 66, no. 3, March 
1961, 739-746. 

Solar-System Distortion of the Geo- 
magnetic Field and Polar Electrojets, by 
J. W. Kern, J. Geophys. Res., vol. 66, no. 
4, April 1961, pp. 1290-1292. 

Effect of the Magnetic Field in Iono- 
spheric Backscatter, by E. E. Salpeter, 
J. Geophys. Res., vol. 66, no. 3, March 
1961, pp. 982-984. 

A Theoretical Model of Electron Density 
Distribution Along a Geomagnetic Line 
of Force in the Exosphere, by R. L. 
Dowden, J. Atmospheric and Terrestrial 
Phys., vol. 20, no. 2-3, March 1961, pp. 
122-130. 

Geomagnetic-Field Studies Using Earth 
Satellites, Natl. Acad. Sci., ]GY Bull., no. 
46, April 1961, pp. 6-12. 

The Simultaneity of Geomagnetic 
Sudden Impulses, by M. Yamamoto and 
H. Maeda, J. Atmospheric and Terrestrial 
Phys., vol. 20, no. 2-3, March 1961, pp. 
212-215. 

Large-Scale Electron Bombardment of 
the Atmosphere at the Sudden Commence- 
ment of a Geomagnetic Storm, by R. R. 
Brown, T. R. Hartz, B. Landmark, H. 
Leinbach and J. Ortner, J. Geophys. Res., 
vol. 66, no. 4, April 1961, pp. 1035-1041. 

Second Report on Mars, 1960-1961, by 
E. E. Both, Strolling Astronomer, vol. 15, 
no. 3-4, March-April 1961, pp. 53-59. 

Is Mars Covered with Ice? by W. 


1801 


| 
| 


Weltraumfahrt, vol. 12, no. 1, 


Dawydow, 
Feb. 1961, pp. 14-15. (In German.) 

Addendum: The Density and Mass 
Distribution of Meteoritic Bodies in the 
Neighborhood of the Earth’s Orbit, by H. 
Brown, J. Geophys. Res., vol. 66, no. 4, 
April 1961, pp. 1316-1317. 

Lead and its Isotopic Composition in 
Iron Meteorites, by I. E. Starik, E. V. 
Sobotovich, G. P. Lovtsyus, M. M. Shats 
and A. V. Lovtsyus, Soviet Physics-Dok- 
lady, vol. 5, no. 5, March-April 1961, pp. 
926-928. 

The Record in the Meteorites 6. On 
the Chronology of the Early Solar Sys- 
tem, by G. G. Goles and E. Anders, J. 
Geophys. Res., vol. 66, no. 3, March 1961, 
pp. 889-898. 

Interior of the Moon, by G. J. E. Mac- 
Donald, Science, vol. 133, no. 3458, April 
1961, pp. 1045-1050. 

Lunar Brightness Variations with Phase 
at 4.3-MM Wave Length, by R. J. Coates, 
Astrophys. J., vol. 133, no. 2, March 1961, 
pp. 723-725. 

Surface Exploration of the Moon, by 
P. A. E. Stewart, oe, vol. 3, no. 2, 
March 1961, pp. 34-48. 

Some as a of Radio Waves Re- 
flected from the Moon and their ns 
to the Lunar Surface, by T. Hagfors, J 
Geophys. Res., vol. 66, no. 3, March 1961, 

pp. 777-785. 

The Glasgow Moonwatch Syste 
E. Roy, Spaceflight, vol. 3, no. 2, 
1961, pp. 53-56. 

Moonwatch in the United Kingdom, “4 
L. J. Carter, <> “a vol. 3, no. 2, 
March 1961, pp. 49-52 

Report of Conference on Planetary 
Atmospheres Held by the Space Science 
Board, National Academy of Sciences, at 
Arcadia, California, June 24, 1960, v4 
Am. Geophys. Union, Trans., vol. 42, no. 
March 1961, pp. 9-38. 

The Temperatures of Planets, by C. H. 
Mayer, Scien. Amer., vol. 204, no. 5, May 
1961, pp. 58-65. 

Absorption of Lyman-Alpha Radiation 
in the Earth’s Atmosphere, by V. V. 
Katyushina, Acad. Sci., USSR, Bull. 
Geophys. Series, no. 10, March 1961, pp. 
1035-1037. (In Russian.) 

Cosmological Significance of Angular 
Measurements of Distant Radio Sources, 
by W. Davidson, Nature, vol. 139, no. 
4769, March 25, 1961, pp. 991-992. 

Daytime and Nighttime Atmospheric 
Properties Derived from Rocket and 
Satellite Observations, by H. K. Kall- 
mann-Bijl, J. Geophys. Res., vol. 66, no. 3, 
March 1961, pp. 786-795. 

The High-Energy Cosmic-Ray Flare on 
May 4, 1960, 2. Emulsion Measure- 
ments, by S. Biswas and P. S. Freier, J. 
Geophys. Res., vol. 66, no. 4, April 1961, pp. 
1020-1033 

The Time Variations of Solar Cosmic 
Rays During July 1959 at Minneapolis, by 
J. R. Winckler, P. D. Bhavsar and L. 
Peterson, J. Geophys. Res., vol. 66, no. 4, 
April 1961, pp. 995-1022. 

The Degree to Which Cosmic Dust In- 
fluences Certain Actinometric Charac- 
teristics of the Atmosphere, by A. A. 
Dmitriev, M. I. Mishina, A. E. Mikirov 
and E. P. Cherenkova, Acad. Sci., USSR, 
Bull. Geophys. Series, no. 10, March 1960. 
pp. 1015-1021. (In Russian.) 

Spectral Observations of Solar Radio 
Burst, I. Receiving Equipment, by A. 


by A. 
farch 


R. Thompson, Astrophys. J., vol. 133, no. 
2, March 1961, pp. 643-648. 

The Size of the Solar System, by J. B. 
McGuire, E. R. Spangler, and L. Wong, 
204, no. 4, April 1961, 


Scien. Amer., vol. 


1802 


The Topology of the Sun’s Magnetic 
Field and the 22-Year Cycle, by H. W: 
Babcock, Astrophys. J., vol. 133, no. 2, 
March 1961, pp. 572-587. 

Secular Terms and Fluctuations in the 
Motions of the Sun and the Moon, by 
B. L. van der Waerden, Astronom. J., vol. 
66, no. 3, April 1961, pp. 138-147. 

The Solar Lyman-Alpha Emission Line, 
by D. C. Morton and K. G. Widing, 
Astrophys. J., vol. 133, no. 2, March 1961, 
pp. 596-605. 

Solar Spectroscopy in the Far Ultra- 
violet, by R. Tousey, Optical Soc. of 
America, J., vol. 51, no. 4, April 1961, pp. 
384-396. 

An Estimate of the Peak Sunspot 
Number in 1968, by C. M. Minnis, J. 
Atmospheric and Terrestrial Phys., vol. 20, 
no. 2-3, March 1961, pp. 94-99. 

Distinction Between the Electromag- 
netic Constants of Tektites and Libyan 
Desert Glass and their Effect on Lunar 
Surface Theory, by A. Olte and K. M. 
Siegel, Astrophys. J., vol. 133, no. 2, 
March 1961, pp. 706-717. 

A Subtropical Convergence Line of the 
South Pacific—A Case Study Using Mete- 
orological Satellite Data, by L. F. Hubert, 
J. Geophys. Res., vol. 66, no. 3, March 
1961, pp. 797-812. 

Rocket Astronomy and Astrophysics 
Research at the U. S. Naval Research 
Laboratory March 1959 to October 1960, 
Nail. Acad. Sci., IGY Budll., no. 45, March 
1961, pp. 10-16. 

A Local Reduction of F-Region Ioniza- 
tion Due to Missile Transit, by H. G. 
Booker, J. Geophys. Res., vol. 66, no. 4, 
April 1961, pp. 1073-1079. 

Research on the Magnetic Conjugate 
Point of Poitiers Nocturnal Variation of 
the Dispersion of Whistlers, by R. Rivault 
and Y. Corcuff, Annales de geophys., vol. 
16, no. 4, Oct.-Dec. 1960, pp. 550-554. 
(In French.) 

Three-Color Photometry of the Zodiacal 
Light, by A. W. Peterson, Astrophys. J., 
vol. 133, no. 2, March 1961, pp. 668-674. 
' Polarization and Intensity Studies of 
the Eclipse of October 2, 1959, by E. P. 
Ney, W. F. Huch, P. J. Kellogg, W. Stein 
and F., Gillett, Astrophys. J., vol. 133, no. 
2, March 1961, pp. 616-642. 

The Eclipses of the Sun from 1961 to 
1970, by J. Meeus, Ciel et terre, vol. 77, 
no. 1, 2, 3, Jan.-March 1961, pp. 87-92. 
(In French.) 

A Note on Solar Flare Cosmic Rays, by 
K. Maeda and V. L. Patel, J. Geophys. 
Res., vol. 66, no. 4, April 1961, pp. 1288- 
1289. 

Photometric Observations of 5577 A 
and 6300 A Airglow During the I.G.Y., b 
R. A. Duncan, Australian J. Phys., val. 
13, no. 4, Dec. 1960, pp. 633-637. 

Magnetic Effects of High-Altitude Nu- 
clear Detonations, by A. M. van Wijk, 
ees Res., vol. 66, no. 2, Feb. 1961, pp. 
647-648 

Relationships Between Auroras in the 
Northern and Southern Hemispheres, 
Natl. Acad. Sci., IGY Bull., no. 44, Feb. 
1961, pp. 7-14. 

The Slant E, Echo— A High-Frequency 
Auroral Echo, by H. F. Bates, J. Geophys. 
i vol. 66, no. 2, Feb. 1961, pp. 447- 


ee a Observations of the Spectra of the 
Aurorae by Means of Photoelectric 
Spectrometers, by O. L. Weissberg, Acad. 
Sci., Bull. Geophys. Series, no. 8, Feb. 
1961, pp. 848-849. 

A Note on the Dispersion of Daytime 


Auroral Ionization in Space, by R. L. 
Leadabrand, J. Geophys. Res., vol. 66, no. 
2, Feb. 1961, pp. 421-428. 

Comparison of Parameters of Radio 
Reflections with Variations of Magnetic 
Field During Aurorae, by V. I. Pogorelov, 
Acad. Sci., USSR Bull. Geophys. Series, 
no. 7, Jan. 1961, pp. 720-722. (In 
Russian.) 

The World-Wide IGY Cosmic Ray Pro- 
gram, by R. C. Haymes, New York Acad. 
Sci., Trans., Series II, vol. 22, no. 2, Dec. 
1960, pp. 96-103. 

Some Geophysical Aspects of Cosmic 
Rays, by A. E. Sandstrom, Amer. J. Phys., 
vol. 29, no. 3, March 1960, pp. 187-197. 

Distribution of Micrometeorites Near 
the Earth, by A. R. Hibbs, J. Geophys. 
Res., vol. 66, no. 2, Feb. 1961, pp. 371-377. 

Lunar Tide in the F2 Layer of the 
Ionosphere Near the Geomagnetic Equa- 
tor, by R. G. Rostogi, Nature, vol. 189, no. 
4760, Jan. 21, 1961, pp. 214-215. 

Hydromagnetic Waves and the Trapped 
Radiation. Part 1. Breakdown of the 
Adiabatic Invariance, by D. G. Wentzel, 
J. Geophys. Res., vol. 66, no. 2, Feb. 1961, 
pp. 359-362. 

Hydromagnetic Waves and the Trapped 
Radiation. Part 2. Displacement of the 
Mirror Point, by D. G. Wentzel, J. 
Geophys. Res., vol. 66, no. 2, Feb. 1961, 
pp. 363-369. 

The Total Electron Content of the 
Ionosphere During the Magnetic Disturb- 
ance of November 12-13, 1960, by G. N. 
Taylor, Nature, vol. 189, no. 4766, March 
4, 1961, pp. 740-741. 

Vertical Characteristics of Travelling 
Ionospheric Disturbances, by L. 
Heisler, Australian J. Phys., vol. 13, no. 4, 
Dec. 1960, pp. 655-664. 

Geomagnetic Micropulsations, by G. R. 
A. Ellis, Australian J. Phys., vol. 13, no. 4, 
Dec. 1960, pp. 625-632. 

VLF Phase Perturbation Associated 
with Meteor Shower Ionization, by C. J. 
Chilton, J. Geophys. Res., vol. 66, no. 2, 
Feb. 1961, pp. 379-383. 

Analysis of a Type of Rough-Trail 
Meteor Echo, by B. A. McIntosh, Can- 
adian J. Phys., vol. 39, no. 3, March 1961, 
pp. 437-444. 


Atmospheric Phenomena at High Alti- 
tudes, by F. L. Bartman and L. M. Jones, 
Michigan Univ., Dept. Aeron. and Astron. 
Engng. Final Rep., April 1955 to January 
1960, April 1960, 7 pp. 

Analysis and Standardization of Astro- 
dynamic Constants, by M. W. Makemson, 
R. M. L. Baker Jr. and G. B. Westrom, 
J. Astron. Sci., vol. 8, no. 1, Spring 1961, 
pp. 1-13. 

Upper Atmosphere Density Determina- 
tion, Based on Flight Observations of the 
Third Soviet Artificial Earth Satellite, by 
P. E. EViasberg and V. D. Yastrebov, 
ARS Journat, May 1961, vol. 31, no. 5, 
pp. 706-713. 


Human Factors and 


Bio-Astronautics 


A Fixed-Base-Simulator Study of the 
Ability of a Pilot to Establish Close Orbits 
Around the Moon, by M. J. Queijo and 
Donald R. Riley, NASA Tech. Note D-917, 
June 1961, 53 pp. 

A Zoometric Study to Determine the 
Optimum Manual Performance Areas for 
the Chimpanzee, by Lester M. Zinser, 
William J. Farley and Frederick H. Rohles 
Jr., Air Force Missile Dev. Center, Tech. fr 
Rep. 61-15, May 1961, 25 pp. 


ARS 


i 


AUTHORS 


Aspramson, H. NORMAN, and RANSLE- 
BEN, Guipo E., Jr. 

Some Comparisons of Sloshing Be- 
havior in Cylindrical Tanks With 
Flat and Conical Bottoms (TN).... 

Apramson, H. NorMan, and RANSLE- 
BEN, Guipo E., Jr 

Wall Pressure Distributions During 

Sloshing in Rigid Tanks (TN) 
Apramson, H. N., Cuu, W. H., and 
RANSLEBEN, G. E. 

Representation of Fuel Sloshing in 
Cylindrical Tanks by an Equivalent 
Mechanical Model.............. 

Apams, K. A., and SErzEw, M. R. 

Notes on Heat Sink Analysis (TN) 

AGALAROv, Cu. S. 

Transistor Phase-Sensitive 

(RS) 
Acamrnov, V. L., and A. S. 

Behavior of Cylindrical Shells Under 
Dynamic Loading by Hydrostatic 
Pressure or by Axial Compression 
(RS) 

AHLBERG, J. H., Hamitton, S., MIGDAL, 
D., and Nixson, E. N 

Truncated Perfect Nozzles in Optimum 

AINTABLIAN, AVEDIS A. 
Projected Path of the Longitudinal Axis 
of Earth-Stabilized Satellites. ..... 
AKASOFU, S.-I., and CHAPMAN, S. 
New Theory of the Aurora Polaris... . 
ALLEN, Harrison, Jr., see CreEPLUCH, 
Cart C, 
ALTMAN, SAMUEL P., 
JoserF S. 

Hodograph Analysis of the Orbital 
Transfer Problem for Coplanar Non- 
aligned Elliptical Orbits.......... 

ALTMAN, S. P., and PisTinER, J. S. 

Polar Hodograph for Ballistic Missile 

ANDERSON, W. H., and CHAIKEN, . 
Detonability of Solid Composite Pro- 
pellants 
ANTHONY, Maurice L., 
GEORGE 
Planar Motions About an Oblate Planet 
ANTHONY, Maurice L., and Perko, 
LAWRENCE M. 

Vehicle Motion in the Equatorial Plane 
of a _ Planet: a Second Order 
Analysis in Ellipticity............ 

ARENDT, P. L. 

Anomalies of the Geomagnetic Retar- 
dation of the Spin of Satellite Van- 

ARENS, M. 
Staging of Cruising Vehicles (TN). 
ARTHUR, D. 
Low Thrust Orbit Penalty (TN)..... 
ArTHuR, Paut D., and REIN- 
HARD 

Suggested Method for Small Changes 
in Nodal Longitude for Polar Orbits 

AsHER, GiFrForD W., see Asuuey, 
AsH Ley, Hott, and "ASHER, Girrorp W. 
The Virtual Mass of Clustered Boosters 
AUFM KampeE, H. J 
Evolution of Upper Air Meteorology 


Amplifier 


and PisTINER, 


and Fospick, 


AUGENSTEIN, B. W., see STEINBERG, M. 
AvucusTINE, N. R. 

Approximate Method of Predicting 


Hypersonic Pressure Distribution on 
Nonlifting Near Power Law Bodies 
Using Similar Flow Theory Results 
Bape, W. L., Mason, E. A., and Yan, 


Oe 


Transport Properties of Dissociated Air 


DECEMBER 1961 


542 


545 


98 


614 


1522 
775 


1217 


1592 


1379 


1225 


1413 


286 
824 
1273 


1579 


757 


1047 


1778 


nical 
and Survey Article, 


lated Russian articles. 


Issue Pages 
January 1-169 
February 170-285 
March 286-468 
April 469-587 
May 588-750 
June 751-862 
July a 863-1046 
August 1047-1181 
September 1182-1363 
October 1364-1487 
November 7 1488-1668 
December 1669—1812 


TN, TC, and SA indicate Tech- 
Note, Technical Comment, 
respectively. 
RS indicates supplement of trans- 


Bape, L., sce also JOHN, 
RicHARD R. 
Barey, W. S., Nixson, E. 
A., and Zupnik, T. F. 
Gas Particle Flow in an Axisymmetric 
Nozzle 
BaLpwin, G. C. 
Electrode Refraction and 
Collimation 
Barry, R. E., and Brotuers, J. E. 
Thrust Termination Transients in Solid 
Propellant Rockets (TC)......... 
Baskin, Y., and SCHELL, D. C. 
Rocket Nozzles as Temperature Indica- 
Batrakovy, V. V., see Proskurin, V. F. 
Baum, Enric, see DEN1IsON, M. RICHARD 
Baxter, A. N. 
Consumable Case Solid Rocket (TN) 
Bearp, B. 
Meteoritic Impact (TN 
BEAuPRE, MERLE A., see 


N., Serra, R. 


Ion Beam 


TTELSON, BEN 
BEECHER, NORMAN, and ROSENWEIG, 
RONALD 

Ablation Mechanisms in Plastics With 

Inorganic Reinforcement.......... 
BEKLEMISHWA, L. A. 

Some Properties of a System of Nearly 
Canonical Differential Equations 

BELL, JAMEs E. 

Effect of Glass Fiber Geometry on 

Composite Material Strength...... 
BERMAN, K., and Crimp, F. W., Jr 

Performance of Plug-Type Rocket Ex- 

Berry, Epwin R. 

Effect of Electrical Augmentation on 
Nuclear Rocket Flight Performance 
(TN) 

BERTRAM, MITCHEL H., 
ARTHUR, Jr. 
Recent Hypersonic Studies of Wings 
BicELow, Epwin C., see JOHNSON, 
Rosert H. 
BILLHEIMER, J. S., see Rossin, R. A. 
Birp, J. F., see McC.ure, F. T. 
BrmnBAuM, S., see Ezra, A. A. 


and HENDERSON, 


Byork, R. L. 
Meteroids vs. Space Vehicles........ 
Brack, Harotp D., and STRUBLE, 
Rarmonp A. 


Useful Correlations of Interior 
Ballistic Theory and Experimental 


793 


627 


848 


1275 


1790 


87 


532 


1614 


1260 


18 


92 


1129 


803 


BLACKMAN, A. W., and Kuent, D. K. 
Use of Binary Light Metal Mixtures 
and Alloys as Additives for Solid 


Propellants 

Biazek, Henry F., see SCHALKOWKY, 
SAMUEL 

BLECHER, SHELDON, and SALTON, 
GeorceE W. 

Comparison of Some Approximate 


Methods for Calculating Re-Entry 
Oblatives of a Subliming Material 
BLEEM, G. D., see WARFIELD, R. W. 
BOLLINGER, "LOREN E., and _ EbsgE, 
RUDOLPH 

Thermodynamic Calculations of Hydro- 
gen-Oxygen Detonation Parameters 
for Various Initial Pressures....... 

BoLLINGER, LoreEN E., Fonc, MICHAEL 
C., and Epse, RuDOLPH 

Experimental Measurements and Theo- 
retical Analysis of Detonation Induc- 
tion Distances... 

BoNNELL, J. M., see Osporn, J. R. 
Boriskina, N. G., and Korniwoy, I. I. 

Investigation of the Iron-Chromium- 
Titanium Phase Diagram in a Region 
of Iron- and Chromium-Rich Alloys 
(HS) as 

Bouricivus, G. M. B. 

High Temperature Fission Chambers 

and Ionization Chambers (TN)... . 
BrapForp, R. E., see SATYENDRA, K. N. 
Bray, K. N. C. 

Simplified Sudden-Freezing Analysis 
for Nonequilibrium Nozzle Flows 

BREAKWELL, JOHN  V., GILLESPIE, 
Ro.uin W., and Ross, STANLEY 
Researches in Interplanetary Transfer. 
BREMNER, G. F., DuKowicz, J. K., and 
Grass, I. I. 

One-Dimensional Overtaking of a Rare- 
faction Wave by a Shock Wave 

BRERETON, Roy G. 

Magnetic Compensation of Satellites 

BRERETON, Roy G. 
Meteoric Dust on the Surface of the 
BrESHEARS, ROBERT R., see WROBEL, J. 
RICHARD 
Bro, P., and STEINBERG, S. 

Entrance Effects in the High Tempera- 
ture Heat Transfer From Dissociated 

Bro, P., and STEINBERG, S. 

Surface Behavior of Boron Nitride in 
High Temperature Arc Heated Gases 

Brick, DonaLp B. 

An Interesting Observation on the 
Point Release Into Orbit of a Num- 
ber of Objects: 

Brock, Frep H. 

Estimation of Specific Heats at Normal 

Temperaiutes (TN) 
BROTHERS, J. E., see Barry, R. E. 
Brown, A. H., see FREDRICKSON, A. G. 
Brown, Duane C., 

Optical Refraction With Emphasis on 
Corrections for Points Outside the 

Bruce, Ricuarp W. 
Satellite Orbit Sustaining Techniques. 
BRUMFIELD, RoBERT C. 

Influences of Solid Propellant Burning 
Rate Exponents on Performance of 
Engines With Large Back Pressure 

BRUNNER, M. J. 

Aerodynamic and Radical Heat Input 
in Space Vehicles Which Re-Enter 
at Satellite and Escape Velocity... 

Bryant, R. A. A. 
Adiabatic Nozzle Flows (TN)....... 


588 


961 


1439 


1455 


1460 


270 


265 


549 
1237 


1769 


Volume 31—January through December 1961 
= 
|| 
433 
|| 
251 
1) 
= 
831 
201 
850 
375 
= 
| 
102 
5 328 
03 
{ 


Bunt, E. A., and Orson, H. L. 

“Pinhole Camera” for Determination of 

Plasma Arc Rotational Speed (TN) 826 
Burrow, J. W. 

Momentum Dumping Using Magnetic 

Burry, R. V., JontNER, J., and Rose- 
MARY, J. K. 

High Energy Propellant Comparisons 

for Goace 609 
Cameron, K. E., see Wine, L. D. 
CAMPBELL, GEORGE S. 
Analysis of Large Amplitude Re-Entry 
CaMPBELL, WILLIAM F., see STRUBLE, 
RarMonp A. 
CarstTEns, J. P., and EpEtBaum, T. N. 

Optimum Maneuvers for Launching 
Satellites Into Circular Orbits of 
Arbitrary Radius and Inclination. . . 943 

Cassutt, Leon H. 

Experimental Investigation of Detona- 
tion in Unconfined Gaseous Hydro- 
gen-Oxygen-Nitrogen Mixtures... .. 

Cuanine, M. T., see Scuaar, S. A. 

Cuarken, R. F., see ANDERSEN, W. H. 

CHAMBERS, RANDALL M., and NELSON, 
Joun G. 

Pilot Performance Capabilities During 
Centrifuge Simulation of Boest and 

Cuane, A. L., see K. H. 
Cuapkis, R. L., see Wu, Jain-MING 
CHapMAN, S., see AKAsorvu, S.-I. 
Cuene, K. H., and Cuane, A. L. 

On “Numerical Comparison” Between 
Exact and Approximate Theories of 
Hypersonic Inviscid Flow Past 
Slender Blunt-Nosed Bodies (TN). 

Cxosorov, V. 

Dynamic Response of Liquid Fueled 

Rocket Engines on Flexible Stands. 
Cuu, W. H., see ABRAMSON, H. N. a 
Cuupakov, A. E., see VERNov, S. N. 

Creptucn, Cart C., ALLEN, HARRISON, 

Jr., and FLetcHer, Epwarp A. 

Ignition of Solid Propellant Rocket 
Motors by Injection of Hypergolic 

Crepiucn, Cart C. 
Effect of Rapid Pressure Decay on 


1776 


1590 


1122 


1534 


Solid Propellant Combustion (TN) 1584 
Crrron, STEPHEN J. 
Solutions for Satellite Motion Under 
Low Acceleration Using the Method 
of Variation of Parameters (TN).. 1786 


Crark, FRANK L., see JOHNSON, CHARLES 


Coss, Epcar R. 
Optimum Staging Technique to Maxi- 
mize Payload Total Energy ....... 342 
CoueEN, L., and DeutscH, ARMIN 


Error Analysis for Doppler Determined 
Satellite Orbits of Other Planets 
Roy Dae, EKsTRAND, Mary 
EvizaBETH, and O’NEILL, MICHAEL 
R 


1767 


Attitude Control of Rotating Satellites 
CoLEMAN, Joun J. 
Optimum Stage-Weight Distribution of 
Multistage Rockets (TN) ........ 259 
Technical Comment by RicHarp J. 
WEBER 
Cook, MEtvin A., and Upy, Lex L. 
Calibrations of the Card-Gap Test ... 52 
Cooper, FRANK 
Accuracy of Measuring Ballistic Trajec- 


Cooper, WitFrRED M., see ETTELSON, 


Ben L 
Corcan, Joun M., see Woire, ROBERT 


CourtNEy, WELBy G. 
Recent Advances in Condensation and 
Evaporation (SA) ............0. 751 
Covert, Evcene E., and HALpEMAN, 
W. 

The Traveling-Wave Pump ........ 
Cowan, W. B., see Purce.x, E. W. 
Cramp, F. W., Jn., see BERMAN, K. 
Crocco, Lvuic1, Monti, Ropoiro, and 

Grey, JERRY 

Verification of Nozzle Admittance 
Theory by Direct Measurement of 
the Admittance Parameter ....... 

Crump, J. E., and Price, E. W. 

Effect of Acoustic Environment on the 
Burning Rate of Double-Base Solid 
Propellants (TN) .......... 


1804 


1026 


Darwer, JoHN W., see EsCHENROEDER, 
Q. 
Darevsknu, V. M. 

Stability of a Console Cylindrical Shell 
Under Bending by a Transverse 
Force With Twisting and Internal 

Dean, L. E., and THompson, W. R. 

Ignition Characteristics of Metals and 


DEMETRIADES, STERGE T., and ZIEMER 
Ricuarp W. 


Direct Thrust and Efficiency Measure- 
ments of a Continuous Plasma Ac- 

Denison, M. RicHarpb, and BAuM, Eric 

A Simplified Model of Unstable Burn- 

ing in Solid Propellants .......... 
De Socio, L., see Pozzi, A. 
De Soro, S., and Wo tr, H. 

Application of the Mangler Transfor- 

mation in Boundary Layer Flow 
Derra, R. W., and Hmatco, H. 

Generalized Heat Transfer Formulas 
and Graphs for Nose Cone Re-Entry 
Into the Atmosphere ............ 

Devutscu, ARMIN J., see COHEN, PAULA 


Dewey, C. Fores, Jr. 
Hot Wire Measurements in Low 
Reynolds Number Hypersonic Flows 
NorMAN R., see MULLANEY, 
Georce J. 
G., see Hacis, W. 
Drxon, R. J., and Pace, R. H. 

Interdependence of Base Pressure and 
Base Heat Transfer (TN)........ 

Dosry, T., see Hacis, W 
Rosert L. 

Simple Method for Estimating First- 
Stage Boost Thrust and Specific 

Doteg, S. H. 

Limits for Stable Near-Circular Plane- 
tary or Satellite Orbits in the Re- 
stricted Three-Body Problem ..... 

Doterov, S. SH., ZHuzcov, L. N., and 
SeLruTIn, V. A. 
Magnetometric Equipment of the Third 
Soviet Artificial Earth Satellite (RS) 
Dotecrnov, S. SH., ErRosHENKO, E. G., 
Zuvuzcov, L. N., Pusuxov, N. V., 
and Lyurmra, L. O. 
Magnetic Me2surements on the Second 
Cosmic Rocket (RS)............ 
Dot.rres, JOHN F., see SARNER, STAN- 
LEY F 
Dominik, J., see Ives, E. K. 
Dorrance, H. 

Dissociation Effects Upon Compressible 
Turbulent Boundary Layer Skin 
Friction and Heat Transfer...... . 

G. N. 

Rotational Motion of Artificial Bodies 

Duxe, W. M., Gorpserc, E. A., and 
I. 

Error Analysis Considerations for a Sat- 

ellite Rendezvous..............-. 
Dvukter, A. 

Comparison of Theoretical and Experi- 

mental Film Thickness (TN)..... 
Dvuxowicz, J. K., see BREMNER, G. F. 
Dupree, M. L., see ZrEBLAND, H. 
EpELBAUM, THEODORE N. 

Propulsion Requirements for Control- 

EpELBaum, T. N., see CarsTENs, J. P. 
Epse, see BOLLINGER, LOREN 

E 


Epwaprps, D. K., and D. M. 

Heat Transfer in Low Prandtl Number 
Flows With Variable Thermal Prop- 

Epwarps, D. K., and K. E. 

Maximum Error in Total Emissivity 
Measurements Due to Non-Grayness 

Epwarps, D. K. 

Directional Solar Reflectances in the 
Space Vehicle Temperature Control 

Eccers, ALFRED J., Jr., and Wone, 
Tuomas J. 

Motion and Heating of Lifting Vehicles 

During Atmosphere Entry (SA)... 
Exters, E, Eowarp 

Missile Trajectories With Linear Time 
Variation of the Sine or Tangent of 

Euters, F. E. 


125 


917 


1278 


1112 


553 


318 


1709 


1785 


550 


214 


1329 


1640 


61 


1345 


505 


86 


1079 


652 


1021 


1548 


1364 


631 


Linearized Magnetogasdynamic Chan- 


nel Flow With Axial Symmetry... . 334 
EKsTRAND, Mary ELrzABETH, see COLE, 

Roy 
Ev’rasBeErG, P. E., and YAstresov, V. D. 

Upper Atmosphere Density Determina- aA 


tion, Based on Flight Observations of 
the Third Soviet Artificial Earth ie. 
Satellite (RS)........ 706 
EMev’ranova, Q. I., STRAKHOV, V 
and LEBEDEV, P. 
Density of Liquid Ozone (RS)...... 
EncuisH, Rospert E., and GuENTERT, 
DonaLp 
Segmenting of Radiators for Meteoroid 
EROSHENKO, E. G., see Dotcrinov, S. SH. 
EscHENROEDER, ALAN Q., and DaIBER, 
Joun W. 
Nonequilibrium Ionization in a Shock 
Ettetson, BEN L., Cooper, WILFRED 
N., Beaupre, MERLE A., FREED- 
MAN, Topsy, THROSSELL, LAURANCE 
G., and Pinc, Bruce P. 
Internal Animal Telemetry: a Feasi- 
bility Test Program........ 
Ezra, A. A., and BrrnsavuM, S. 
Design Criteria for Space Vehicles to 
Resist Wind Induced Oscillations 
Facc, LAwrEeNCE W., and FRIEDMAN, 
RAYMOND 
Solid Propellant Source of Cesium 
157 
FAIRWEATHER, STEPHEN H., see Han- 
SON, JAMEs N. 
FAULKNER, FRANK D. 
Complete Elementary Solution to Some 
Optimum Trajectory Problems... . . 33 
FiscHELL, RoBerT E 
Magnetic Damping of the Angular Mo- 
tions of Earth Satellites.......... 
FLETCHER, Epwarp A., see CrePLUCH, 
Cart C 
FLORENCE, Dwicurt E., see LEE, VERNON 
Fonc, MicHaet C., see BOLLINGER, 
Loren E 
Fospicx, Gerorce E., 
Maurice L. 
Foster, E. L., see HUNTER, W. E. 
Fox, J. L., see STEINBERG, M. A. 
Fox, Rosert H. 
Powered Trajectory Studies for Low A, 


1162 


1190 


1764 


1210 


see ANTHONY, 


Thrust Space Vehicles........... 28 
High Energy, Low Thrust Jupiter Mis- 


Francis, W. LEON 
Irradiation of a Lunar Satellite (TN). 835 
FREDRICKSON, A. G., Brown, A. H., Mit- 
LER, R. L., and Tsucurya, H. M. 

Optimum Conditions for Photosynthesis 

in Optically Dense Cultures of Algae 
FREEDMAN, Tosy, see ETTELSON, BEN L. 
FRIEDLANDER, S. K. 

Particle Impaction Efficiencies for 
Bodies in a Free Molecule Flow 

FRIEDMAN, RAYMOND, see Facc, Law- 
RENCE W. 

R. P., see SMEDAL, H. A. 

Gaw.towicz, H. F., see Hatt, N. S. 

GayLorp, RoBert S. 

Differentiating Gas Jet for Space Atti- 

Geicer, R. E., see WARREN, W. R. 
M. A., and Kasu, S. W. 

Propulsion by Composite Beams of 

Negative and Positive Ions........ 621 
ROLLIN W., see BREAKWELL, 


1429 


Joun V. 
Guass, I. I., Heucnrotn, L. E., and > 


Mo per, S 
One-Dimensional Overtaking of a a 
Shock Wave by a Rarefaction Wave 
(TN) . 
Guass, I. I., see also BREMNER, G. F. 
GLoeERSEN, P., GorowitTz, B., and PALM, 
Ww. 
Experimental Performance of a Pulsed 
Gas Entry Coaxial Plasma Accelera- 
Go.pseErc, E. A., see Duke, W. M. 
Gow’DENBERG, S. A. 
Ignition in a Flow by Hot Bodies 
Go.tpsTEw, R. E., see MancinEK, 
Goopan, B. D. 
Psychological and Social Problems of 
Man in Space—a Literature Survey 


ARS JourRNAL 


1453 


1158 


‘ 
| 


Gorpon, L. J. 

Calculation of C*® for High Dissociated 
Propellant Combustion Products 

GorowrTz, B., see GLOERSEN, P. 
GovurprnE, MEREDITH C. 

Recent Advances in Magnetohydrody- 

namic Propulsion (SA).......... 
GRASSHOFF, 

Eddy Current Torque Compensation in 

a Spin Stabilized Earth Satellite... 
GrassnHorr, L. H. 

A Method for Controlling the Attitude 

of a Spin-Stabilized Satellite...... 
GRANET, IRVING, and McILroy, 
WILLIAM 

Optimum Radiant Straight Fin With 

Exponential Sides (TN)......... 
GREENBERG, ROBERT A., and TRAUGOTT, 
STEPHEN C, 

Shock Wave Asymmetry for Cones and 
Sphere Cones at Angle of Attack 

Greer, H. 

Rapid Method for Plug Nozzle Design 

Technical Comment by M. H. Sem- 

GRENLESKI, S. E., Jn., see WALKER, R. E. 

Grey, Jerry, see Crocco, Luicr 

Grosn, R. J., see VisKANTA, R. 

Gruss, W. T., Jr., see LieBHAFsky, H. 
A. 

GuENTERT, DONALD, see ENGLISH, 
E. 

Guinn, GERALD R. 

Aerodynamic Heating of Plane Bodies 
of Low Thermal Diffusivity (TN). . 

Guman, J. 

Efficiency Calculations From Thrust 

Measurements (TC)............. 
GuMan, WILLIAM J. 
Measurement of Small Discharge Rate 
of an Intermittent Exhaust Jet (TN) 
Gurko, O. V., see YatTzunsky, I. M. 
Gur ey, Josepx G. 
Propagation of Errors in a Schuler- 


Type Inertial Navigation System 
Gusev, V. D 


Correlation Method for Analysis of 
Large Heterogeneitiés of the Iono- 

Hacis, W., Dosry, T., and Dix, G. 
Nuclear Safety Analysis of Snap III for 
Hare, ALan M., see STEPHENS, 
W. 
HALDEMAN, CHARLES W., 
EvuGENE E. 
Hatz, N. S., Gawtowicz, H. F., and 
WALLMAN, 

Choice of Unperturbed Orbit in the 
Use of Encke’s Method for the Ef- 
fects of Oblateness and Drag (TN) 

Hamitton, S., see AHLBERG, J. H. 
HANEL, A. 

Low Resolution Unchopped Radiome- 

Hanson, JAMES N., and FAIRWEATHER, 
STEPHEN H. 

Nodal Rotation for Continuous Ex- 
posure of an Earth Satellite to the 

Hanson, JAMEs N. 

Thrust Vector Determination of an Ion 
Engine by Differential Comparison 
With an Unthrusted Orbit (TN).. 

Hart, R. W., see McCrure, F. T. 

Hartnett, J. P., see Kon, J. C. Y. 

Hatcn, L. P., Recan, W. H., and 
PowE Lt, J. R. 

Fluidized Solids as a Nuclear Fuel for 

Rocket Propulsion (TN)......... 
HENDERSON, ARTHUR J., see BERTRAM, 
MiTcHELL H. 
Herinc, Kart W., and 
Rosert E. 

Inertial Sphere System for Complete 

Attitude Control of Earth Satellites 
Herscu, MARTIN 

Experimental Method of Measuring In- 
tensity of Turbulence in a Rocket 
Chamber 

HERTZBERG, A., 
Hess, T. E. 

Stability of Orthotropic Cylindrical 

Shells Under Combined Loading. . . 
HevucxrortH, L. E., see Grass, I. I. 
Hresarp, Rosert R. 

Attitude Stabilization Using Focused 

Radiation Pressure (TN)........ 


see COVERT, 


HUFNAGEL, 


see WEATHERSTON, R. C., 


DECEMBER 1961 


646 


80 


158 


676 


1583 


269 


1323 


1744 


1436 


246 


640 


1787 


547 


1074 


39 


237 


844 


H., see Detra, R. W. 
Horton, M. D. 
One-Dimensional Solid Propellant Os- 
cillatory Burner (TN)........... 
Hsu, CHENG-TING 
Nonuniform Deceleration of a Slender 
Cone in Supersonic, Transonic and 
Subsonic Flight (TN)........... 


HuFNAGEL, Rosert E., see HERING, 
Kari W. 
Hutteuist, Paur F. 
Gravitational Torque Impulse on a 
Stabilized Satellite.............. 


Hunter, W. E., Foster, E. T., and 
Mancoum, G. F. 

Binder Crystallization in Polysulfide 

INGEBO, ROBERT D. 

Size Distribution and Velocity of 
Ethanol Drops in a Rocket Combus- 
tor Burning Ethanol and Liquid 

Ives, E. K., Dominik, J., and PRoELL, 
W.A 


Heat Sink Strand Bomb for Determin- 
ing Ballistic Properties of Solid Pro- 
pellants 

Jack, Joun R. 

Theoretical Performance of Propellants 

Suitable for Electrothermal Jet 


Jacosps, Epcar M., MorGENTHALER, 
GeorceE W., and _ SEBASTIAN, 
Rosert A 


Probability of Satellite Interception by 

an Air Launched Preguided Missile. 
JAFFE, IRVING, see PricE, DONNA 

Joun, R., and Bape, WILLIAM 


Recent Advances in Electric Arc 
Plasma Generation Technology (SA) 
JoHnson, CwHarves B., 
FRANK L. 
Measurement of Heat Transfer in a 
Graphite Rod Heat Exchanger (TN) 
JoHNsON, Ropert H. 


Hypersonic Viscous Effects in Wind 
Jonnson, Rospert H., and BicELow, 
Etwin C. 
Streamlines in Boundary Layers on 


Flat and Concave Surfaces in Hyper- 
TorTNER, J., see Burry, R. V. 
Jurovics, STEPHEN 
Optimum Steering Program for the 
Entry of a Multistage Vehicle Into 
Karat, E. M., see n, W. R. 
STEPHEN As 
Proposal for a Simpie Vv isual Tracking 
Arrangement for Space Probes (TC) 
Kat, SHERWIN 
Thrust Termination in Solid Rocket 
Motors—Evaluation of Ballistic Test 
Data (TN) 
Kamo, L. J. 
Magnetorquer— 
Device 
Kaptan, C. J. 
Selection of a Pressurization System for 
a Storable Liquid Propellant Rocket 
Karimov, M. G., and Suriova, N. S. 
Connection Between the Motion of 
Matter in the Corona and the Prom- 
KarpeyeEv, G. A., see SEMENOV, 
KARRENBERG, Hans K., and RoBERSON, 
Rospert E 
Celestial Rate Sensing (TN)........ 
Kasn, C. W., see Gitireo, M. A., and 
Starr, W. L. 
KEEGAN, THoMAs J. 
Winds and Circulations in the Meso- 
sphere 
Ketter, J. A., and Ryan, N. W. 
Measurement of Heat Flux From Initi- 
ators for Solid Propellants........ 
Kennet, H., and Srrack, S. L. 
Stagnation Point Radiative Transfer 
KERREBROCK, J. L., see ROSENZWEIG, M. 


Satellite Orientation 


Keyes, J. 

"Study of Flow and Sepa- 
rat‘on in Vortex Tubes With Appli- 
cation to Gaseous Fission Heating. . 

Knox, Bruce E., see PALMER, Howarp 


Kon, J. C. Y., and Hartnett, J. P. 
Measured Pressure Distribution and 


and CLARK, 


1289 


1506 


1573 


540 


783 


1685 


518 


1598 


84 


813 


786 


970 


440 


1060 


1375 


1204 


Local Heat Transfer Rates for Flow 
Over Concave Hemispheres....... 
Korniwov, I. I., and Potraxova, R. S. 
Melting Diagram for the Titanium- 
Vanadium-Molybdenum Ternary 
Korniwov, I. I., see also Boriskina, N. 
Korosernikov, V. P., see KvasHina, S. 
Korp, E. E., see Moe, M. M. 
KOwWALEWICZ, ANDRZEJ 
Stability Problem of the Flow With 
Combustion in Variable Area Duct 
Koza1, YOSHIHIDE 
Comments on Use of Osculating Ellipse 
in Analysis of Near Circular Orbits 
(TC) 
, D. K., see BLackMAN, A. W. 
L. J., see R. T. 
Kumar, SupuHir, see Murray, JAMES J. 
Kvasuina S. S., and Koropernikov, V. 
P 


Solution of Several Problems of Air 
Motion in the Presence of Dissocia- 


tion and Ionization (RS)......... 
Lapikov, P. 
Magneto-Vortical Rings (RS)....... 


LaHDE, REINHARD, see ARTHUR, Pau D. 
LANDBERG, STANLEY H. 

Densities of the Upper Atmosphere De- 
rived From Discoverer Satellites 

LANDEL, Rospert F., and SmirH, THOR 
L 


Viscoelastic Properties of Rubberlike 
Composite Propellants and Filled 

LarisH, E. 

Aerodynamic Interaction in a Free 

Molecular Flow (RS)........... 
Lass, H., and Lore tt, J. 

Low Acceleration Takeoff From a 

Lass, Harry, and SoLLoway, CARLETON 


Motion of a Satellite of the Moon.... 
LawpEN, D. F 
Optimal Powered Arcs in an Inverse 
Leacu, RicHARD 
Nonmatrix Formulation of an Eulerian 
Angle Vector Transformation (TN) 
LEBEDov, V. P., see EMEL’10NOvA, T. I. 
LEE, VERNON, and FLORENCE, DwicHtT 


Minimum Time Ballistic Interplanetary 

Len’xo, O. N. 

Stability of an Orthotropic Cylindrical 
Shell With Axial Load and External 

Levy, RicHarp H. 

Radiation Shielding of Space Vehicles 
by Means of Superconducting Coils 

LEWELLEN, W. S., see RosENzWEIG, M. 


Li, Tine Y. 

Recent Advances in Nonequilibrium 

Dissociating Gasdynamics (SA).... 
LiakHov, G. M., and N. I. 

Propagation and Interaction of Com- 
pression and Rarefaction Waves in 
Elastic-Plastic Media (RS)....... 

Lrssy, Paut A. 

Preliminary Analysis of the Capabilities 
of a Composite Slab for an Ad- 
vanced Heat Sink Design (TN).... 

Liesuarsky, H. A., and Gruss, W. T., 


Jr. 
The Fuel Cell in Space (SA)........ 
Hans D., and _ SILVERN, 
Davpw H. 
Analysis of Partial Admission Axial Im- 


Lippitt, MAxwELL W., Jr., see SHAR- 
BAUGH, A. Harry 
Locacuev, Yu. I., see VERNOV, 
LorELL, J., see Lass, H. 
Lowe, Rosert E., see PonsForp, HENRY 


S. N. 


Lupers, R. Davip 
Satellite Networks for Continuous 
Ma, 
Advanced Uncooled Nozzle for Solid 
Propellant Rocket (TN)......... 
MADEWELL, JAMES F., see PONSFORD, 
Henry T is 


71 


694 


1635 


599 


1630 


24 


220 


830 


435 


1315 


1568 


170 


1644 


658 


1183 


297 


1805 


596 
558 
| 
676 
997 
155 
5: 
352 
99 | 
| 
= 
| 
= 
| 
= 
| 
179 
368 
| 


MaceEr, ARTUR 
Approximate Solution of Isentropic 
Swirling Flow Through a Nozzle.. 
Macer, A., see Wu, Jamn-MING 
MavakorFr, JAMES L., and MUELLER, 
H. 
Water Impact of Manned Spacecraft. . 
Ma.per §S., see Grass, I. I. 
Mancum, G. F., see HunTER, W. E. 
Marcrnek, J. J., and R. E. 
Impulse Programming for Turbine 
Boost (TN)....... 
MARGERUM, Davin, see Prrrs, J. N., Jr. 
MarxuasuHov, L. M. 
Stability of Motion of a Gyroscope 
With a Cardan Suspension (RS)... 
Mar.Low, RAyMOND 
Peltier Cooling of Electrical Com- 
ponents in Telemetering Packages 
(TN) 
Marmo, F. F., see PRESSMAN, as 
Mastacu, G. J., see Scnaar, S. A. 
Mason, E. A., see Bapge, W. L. 
Mayer, ERNEST 
Analysis of Convective Heat Transfer 
im Rocket Nozzles. .............. 
Mayer, ERNEST 
Theory of Liquid Atomization in High 
Velocity Gas Streams (TN)...... 
McCuovreg, F. T., Hart, R. W., and Birp, 
F 


Heat Release Rate, Temperature and 
Pressure in Solid Rocket Instability 
(TN) 

McGrath, T. F., see SHinavutt, L. H. 
see GRANET, IRVING 
McKee, E., see Pitts, J. N., 


Jr. 
McMurray, L. R. 
Alignment of an Inertial Autonavigator 
McRuer, D. T., and STAPLEFORD, R. L. 

Power and Energy Requirements for a 
Fixed-Axis Inertia Wheel Attitude 
Control System 

MELBOURNE, WILLIAM G. 

Three-Dimensional Optimum Thrust 
Trajectories for Power Limited 
Propulsion Systems. 

Meyer, A. P., see Pace, R. H. 
MicpaAL, D., see AHLBERG, J. H. 
Miter, B. P. 

Approximate Velocity, Position and 
Time Relationship for Ballistic Re- 
Entry (TN 

Miter, R. L., see Frepriskson, A. G. 
Mog, M. M., and Karp, E. E 

Effect of Earth’s Oblateness on the 
Anomalistic Period of a Satellite 
(TN) 

N. D. 

Interpolation Averaged Variants of the 

Canonical Problem of Celestial Me- 


MorseEyeEv, N. 

Complete | of Canonical 
Problem of Celestial Mechanics 
With Several Intermediate Elements 


MorseyeEv, N. D. 

Averaged Variants of a Semirestricted 
Planar Problem of Three Bodies 

Monti, Ropo.ro, see Crocco, Luic1 


Moore, Jerrrey A., and ZLOTNICK, 
MARTIN 

Combustion of Carbon in an Air 


Moran, Joun P. 
Effects of Plane Liberations on the 
Orbital Motion of a Dumbbell Satel- 


Morean, T. E., see Wetcu, B. E., Jr. 
MORGENTHALER, GEORGE W., see 

Jacoss, Epcar M. 

Morris, J. A. 


Summary of Solid Propellant Residual 

(TM)... 

MortTH, RAyMonD, and SPEYER, JASON 
L 


Divergence From Equilibrium Glide 
Path at Supersatellite Velocities 

Moskow1Tz, SAMUEL E., and Tine, L. 
An Approach to Problem of Optimum 
Rocket Trajectories (TN)........ 
Mou ic, E. S., see Scuaar, S. A. 
MUELLER, WILLIAM H., see MALAKOFF, 
James L 
Muttaney, G. J., and Drsetivs, N. R. 


1140 


1751 


1589 


958 


263 


911 


1783 


367 


665 


1723 


437 


1462 


387 


390 


393 


1388 


1089 


1283 


Small MHD Power Generator Using 


Combination Gases as an Energy 


1806 


GEeorcE J., and 
NorMan R. 

Determination of Electron Density and 

Mobility in Slightly Ionized Cesium 


The Artificial Earth Satellite—a New 
Murray, JAMES J., and Kumar, SupHIR 
Vacuum-Air Missile Boost (TN) 
Myers, G. H., and THompson, T. H. 
Nacamatsu, H. T., SHEER, R. E., Jr., 
and Scump, J. R. 

High Temperature Rarefied Hypersonic 

Flow Over a Flat Plate.......... 
Nazarova, T. 

Results of Investigation of the Mete- 
oric Matter by Means of Instru- 
ments Installed on Cosmic Rockets 
(RS) 

Nazanova, T. N. 

Investigation of Meteoric Particles by 

the Third Soviet Satellite (RS).... 
Nerce, S. E., and Rurowsk1, R. W. 
Calibration of Hypersonic High Tem- 
perature Wind Tunnels (TN)..... 
NEtson, JoHN G., see CHAMBERS, 
RANDALL M. 
NEtson, K. E., see Epwarps, D. K. 
NEwToN, ROBERT 

Variables That are Determinate for 

Nicuots, M. H., see ScHAEFER, E. J. 
Niwey, Russet A. 

Unique Cross-Spin Control Concept for 

Fixed Fin Sounding Rockets (TN) 
Niwey, Russet 

Secular Gravitational Torque on a 

Satellite in a Circular Orbit (TN). . 
NIKOLAEV, A. G., see VERNOV, S. N. 
Nitson, E. N., see AHLBERG, J. H., and 

Barey, W. S. 

NovosE.ov, V. 

Fall of a Spherical Drop in the Pres- 
ence of Evaporation or Condensation 
of Vapors at Its Surface (RS).... 

Otrver, R. C., and STEPHENSON, S. E. 

Large of (TC)... 

Oxson, H. L., see Bunt, E. A. 
O’Nem., R., see Corr, Roy 

DALE 
Ormssy, RALPH 

Maxton C, 

Capabilities and Limitations of Re- 
action Spheres for Attitude Control 

Orr, J. A. 

Determination of Optimum Insulation 

Weight (TC). 
Ossorn, J. R., and BoNNELL, J. M. 

Importance of Combustion Chamber 
Geometry in High Frequency Os- 
cillations in Rocket Motors....... 

Ossorn, J. R., and BoNNELL, J. M. 

Effect of Fuel Composition on High 
Frequency Oscillations in Rocket 
Motors Burning Premixed Hydro- 
carbon Gases and Air........... 

Pace, R. H., and Meyer, A. P. 

Hydraulic Analog Investigation of a 

Pace, R. H., see also Dixon, R. J. 
W., see GLOERSEN, P. 

Howarp B., and Knox, Bruce 


D., and 


Contact Surface Tailoring in a Chemi- 
cal Shock Tube (TN) 
PaLMoRE, JULIAN I., III 
Panov, A. M. 

Qualitative Investigation of the Tra- 
jectories of Difference Equations 
Near a Fixed Point (RS)........ 

Patcn, RicHarp W. 

Prediction of Composition Limits for 
Detonation of Hydrogen-Oxygen- 

Patterson, G. B. 

Graphical Method for Prediction of 
Time in Sunlight for a Circular 

PATTERSON, Paut L., see Racsac, Ros- 
ERT V. 
Pauson, WERNER M. 

Time Relationships for Interplanetary 

Pence, T. C., see Viecas, JoHN R. 
PERELMAN, I. I. 

Sequential Regression Analysis and Its 
Application to Some Problems of 
Automatic Control (RS)..... 


1575 


924 
1443 
636 


902 


713 


1341 


372 


364 


1032 


686 
1468 


269 


482 


1397 


447 


826 


1066 


682 


46 


441 


1281 


1619 


Perko, LawRENCE M., see ANTHONY, 
Maurice L. 
Petrov, E. A., and TaLanTovy, A. V. 
Investigation of Basic Characteristics 
of Combustion of a Homogeneous 


Mixture of an Open Turbulent 
Petty, C. M. 
Interplanetary Maneuvers Using Radial 


PFEFFER, I., see DuKE, W. M. 
PFEIFFER, Cart G. 

Rudimentary Launch Guidance Meth- 

ods for Deep Space Missions (TN) 
RicHarpD L. 

Effect of Magnetic Drag on Re-Entry 

Body Heating (TN)......... oie 
Pierce, J. R. 

Note on “Pierce Gun Design for an 
Accelerate-Decelerate Ionic Thrust 
Device” (TC 

Pinc, Bruce P., see ErTELSON, BEN L. 

PisT1NER, J. S., see ALTMAN, S. P. 

Pirts, J. N., Jn., MARGERUM, J. Davin, 
and McKee, E. 

Photochemistry and Space Power Gen- 

eration 
Porrakova, N. I., see LEakHov, G. M. 
Porraxova, R. S., see Korniwovy, I. I. 
PonsForp, Henry T., Woop, ROBERT 
M., Lowe, Ropert E., and MADE- 
WELL, JAMES F. 

Thermostructural Design—Entry Ve- 

hicles for Mars and Venus........ 
PoseEt, K. 
Recording of Pressure Step Functions 


of Low Amplitude by Means of 
Composite-Dielectric Capacitance 
Transducer Placed in  Parallel-T 
Potter, NoRMAN S. 
Controlled Rendezvous of Orbiting 


PowEL1, J. R., see Hatcn, L. P. 
Pozz1, A., and pESocro, L. 

Some Remarks on Solar Sail (TN).. 
PrECKEL, R. F. 

Plateau Ballistics in Nitrocellulose Pro- 

PRESSMAN, J., and MArmo, F. F. 

Measurement of Air Density at 430 
Km by Sodium “Resonance Cloud 
Techniques (TN) 

PriaPt, J. J. 

Advanced Ignition System for Solid 

Propellant Rocket Motors (TN)... 
Price, Donna, and JAFFE, IRVING 

Large Scale Gap Test: Interpretation 

of Results for Propellants. . ‘ 
Price, E. W., see Crump, J. E. 
PRoOBSTEIN, RONALD F. 

Shock Wave and Flow Field Develop- 

ment in Hypersonic Re-Entry..... 
PROELL, W. A., see Ives, E. K. 
Proxor’ev, V. A. 

Propagation of Forced Plane Compres- 
sion Waves of Small Amplitude in a 
Viscous Gas When Radiation Is 
Taken Into Account (RS)........ 

Proskurin, V. F.. and BAtrakov, V. V. 

Perturbations in the Motion of Artificial 
Satellites Due to the Oblateness of 

PurcE.L1, E. W., and Cowan, W. B. 

Relating Geodetic Latitude and Alti- 
tude to Geocentric Latitude and 

Pusuxov, N. V., see Doicrinov, S. SH. 
PuTNAM, ABBOTT 

Integratable Form of Droplet Drag 

RapDcuiFFE, WILLIAM F., and TRANSUE, 
Joun R. 
Problems Associated With Multiple 
Engine Starts in Spacecraft....... 
Racsac, Rosert V., and PATTERSON, 
Pau. 
Multistage Rocket Optimization (TN) 
RacusA, DOMENICO 

Radiated Power from 2-In. Sphere of 
High Temperature Air At Pressures 

RANSLEBEN, Guipo E., Jr., see ABRAM- 
son, H. NoRMAN 

RANSLEBEN, G. E., see ABRAMSON, H. N. 

Rao, G. V. R. 

Recent Developments in Rocket Nozzle 
Configurations (SA)............. 

RAUSHENBACH, B. V., and Toxar’, E. N. 

Some Guidance Problems in _Inter- 

planetary Space (RS)............ 


408 


1233 


1155 


672 


368 


1242 


1096 


1164 


1286 


819 


1029 


595 


185 


988 


117 


932 


1467 


1408 


450 


445 


1488 


1624 


|| || 
j 
|| 
i | 
890 
| 474 
|| 
|| 
|| 
|| 
| 
= 
448 | 
551 
555 
= ANS JOURNAL 


REEVEs, BARRY 

Similar Solutions of the Free Convec- 
tion Boundary Layer Equations for 
an Electrically Conducting Fluid 

, W. H., see Hatcn, L. P. 
RicHAnps, PAUL B. 

Preliminary Orbit Determination of a 
Nontransmitting Satellite Using the 
DOPLOC Tracking System....... 

Riwer, L. 

Characteristic Velocity Requirements 
for Impulsive Thrust Transfers Be- 
tween Non Co-Planar Circular Orbits 

Class of Minimum Altitude Variation 
Orbits About an Oblate Earth (TN) 

RoBERSON, ROBERT 

Alternate Form of a Result by Nidey 

Gravity Gradient Determination of the 
Vertical 

See also KARRENBERG, Hans K. 

Rosa, RicHArp J. 

Propulsion System Using a Cavity 
Reactor and Magnetohydrodynamic 
Generator 

RoseMary, J. K., see Burry, R. V. 
ROsENZWEIG, M. L., LEWELLEN, W. S., 
and KERREBROCK, J. L. 

Feasibility of Turbulent Vortex Con- 
tainment in the Gaseous Fission 
Rocket 

ROSENWEIG, 
NoRMAN 
RosnER, DANIEL E. 

Application of Heat Flux Potentials to 
the Calculation of Convective Heat 
Transfer in Chemically Reacting 

Surface Temperatures of High Speed, 
Radiation Cooled Bodies in Disso- 
ciating Atmospheres (TN)........ 

Correction 

Ross, STANLEY, see BREAKWELL, JOHN V. 
Rossini, R. A., BILLHEIMER, J. S., and 
THREEwIT, T. R. 

Configuration Efficiency: a New 
Measure of Ballistic Quality for a 
Grain Design (TN) 

RowE Lt, L. N., and Smirn, M. C. 

Effect of Geometrical Libration on the 

Damped Motion of an Earth Satellite 
S. 

Method for Determining Scale Heights 

in the Atmosphere (TN)......... 
RupINGER, GEORGE 

Interaction of Centered Expansion 

Rutowsk1, R. W., see Neice, S. W. 
Ryan, N. W., see KELLER, J. A. 

Rytov, S. M. 

What an Astronaut Will See and En- 
counter When Flying at a Speed 
Approaching That of Light (RS).. 

Technical Comment by D. T. Swirt- 

Samson, A. M 

Luminosity of Matter Confined Within 
a Finite Volume and Having Arbi- 
trary Absorption and Emission Bands 
(RS) 


RonAaLp, see BEECHER, 


SanpDERS, R. W. 

Limitations on Space Vehicles Imposed 
on Communications Requirements 

SANDERS, ROBERT 

Geomagnetic and Geoelectric Activity 
as a Function of Magnetic Latitude 

Sanps, NORMAN 

Escape From Planetary Gravitational 

Fields by Use of Solar Sails....... 


SARNER, STANLEY F., and DOL.uRIEs, 
Joun F. 

An Integrated Propellant Performance 

Analysis Program (TN).......... 


SaTYENDRA, K. N., and Braprorp, R. E. 
Self-Contained Navigational System for 
Determination of Orbital Elements 
ScaLa, SINCLAIRE M. 
Thermal Diffusion Ratio in Dissociated 
Scuaar, S. A., Moutic, E. S., CHALINE, 
and Mostacu, G. 
Aerodynamic Characteristics of Wedges 
in Low Density Supersonic Flow... 
ScuaEFER, E. J., and Nicuots, M. H. 
Mass Spectrometer for Upper Air 
Measurements (TN)............ 


DECEMBER 1961 


557 


1729 


345 
1580 


1292 
1509 


884 


873 


816 


1013 
1469 


1761 


361 


1456 


1587 


678 
1350 


1632 


1450 


1438 


1441 


SCHAFFER, ALLEN 


Plasma Propulsion With a Pulsed 

SCHALKOWSKY, SAMUEL, and BLAZEK, 
Henry F. 


Rotating Pendulum Accelerometer... . 
ScHELL, D. C., see Baskin, Y. 
ScuHEvuING, RicHaArRD A. 

Outer Inviscid Hypersonic Flow With 

Attached Shock Waves..........- 
Scum, J. R., see Nacamartsu, H. T. 
ScunaprF, A., see STERNBERG, S. 
ScCHRELLO, D. M. 

Aerodynamic Influences on Satellite 

ScuwanrtTz, Ya. M. 

Method of Determining the Electrical 

Potential of Bodies in Plasma (RS) 
Scruccs, Davip 

Modified Chromium for Unprotected 

Structures 
SEADER, J. D., and Worr, H. 

Theoretical Analysis of Heat Transfer 
to Gases in Smooth, Round Tubes 
Under Conditions of Turbulent Flow 

SEBASTIAN, Rospert A., see JACOBS, 

Epcar M. 

SEGAL, Howarp M. 

Preliminary Thrust-Time Curve for a 
Spherically Shaped Solid Propellant 

SEIDMAN, M. H. 

Comment on “Rapid Method for Plug 

Serzew, M. R., see ADAMs, K. A. 
SeiuTin, V. A., see S. SH. 
SELLERS, JOHN P., Jr. 

Effect of Two-Dimensional Heat Trans- 
fer on Wall Temperatures in a 
Tubular Thrust Chamber (TN).. 

Effect on Carbon Deposition on Heat 
Transfer in a LOX/RP-1 Thrust 

See also Zucnow, M. J. 

A. A., and KArPEYEv, G. A. 

Relation of Frequency of Ultra Short 
Wave Field Amplitude Decay, Drift 
Speed of Inhomogeneities in the 
Troposphere, and Carrier Frequency 
(RS) 

SENTMAN, LEE H. 

Comparison of the Exact and Approxi- 
mate Methods for Predicting Free 
Molecule Aerodynamic Coefficients 
(TN) 

Serra, R. A., see BAiLEy, W. S. 
SHaFeErR, Yu., and YAryGIN, A. V. 

Measurement of Cosmic Rays by Means 

of Geophysical Rockets (RS)...... 
SHAPIRO, M 

Attenuated Intercept Satellite Rendez- 

SHARBAUGH, A. Harry, and Lippitt, 

MAXWELL, W., Jr. 

A Capacitance Densitometer for Deter- 
mination of the Transient Densities 
of Cryogenic Liquids............ 

SHEER, R. E., Jn., see NAGAMATSU, H. T. 
SHEN, Y. C 

Formulation of the Optimum Rocket 

Suitova, N. S., see Karimov, M. G. 
SHINAULT, L. H., and McGratu, T. F. 

Reactor Core Temperature Measure- 

Suxtovsku, I. S. 

An Artificial Comet as a Method for 
Optical Observation of a Cosmic 

Smita, Harry 

Burning Rates of Composite Solid Pro- 
pellants at Subatmospheric Pressure 


SILVERN, Davip H., see Hans 


D. 
Sxacuxov, B. N. 
Stability Region of Certain Nonlinear 
Systems (CRS) 
SKINNER, G. T. 
Calibration of Thin Film Gage Backing 
Stocum, RicHarp W., Jr., and ZAPPALA, 
ALFRED G. 
Microwave Rocket Propulsion (TN). . 
SMEDAL, H. A., VykuKAL, H. C., Gat- 
LANT, R. P., and STINNET, G. W. 
Crew Physical Support and Restraint 
in Advanced Manned Flight Systems 
F, T. 
Optimization 


of Multistage Orbit 


1718 


486 


442 


1321 


1527 


650 


1447 


1292 


445 


662 


688 


1576 


715 


1733 


89 


799 


699 


1277 


134 


671 


1544 


Transfer Processes oy Dynamic Pro- 


M. C., see RowELt, L. 


SMITH, MAHLON C., see OnMsBy, RALPH 


SmitH, OLIVER K. 
Terminating the Iterative Solution of 


Kepler’s Equation (TN).......... 
SmitH, THorR L., see LANDEL, ROBERT F. 
SoLLowAy, CARLETON B., see Lass, 

Harry 


SoMMERS, WILLIAM P. 

Gaseous Detonation Wave Interactions 

With Nonrigid Boundaries (TN)... 
SpaLpinG, D. B. 

Theory of Mixing and Chemical Reac- 
tion in the Opposed-Jet Diffusion 
Flame 

SpENcER, Roy C. 

Location of Focal Points of Ellipses 

(TN) 
SPERLING, HANS 

Computation of Keplerian Conic Sec- 

SPEYER, JASON L., see MortH, RAYMOND 
SranciL, R. T., and KutaxowskI, L. J. 

Rocket Boost Vehicle Mission Optimi- 

STAPLEFORD, R. L., see McRvueEr, D. T. 
STark, M. 

Optimum Trajectories Between Two 

Terminals in Space (TN)........ 
Srarr, W. L., and Kasn, S. W. 

Experimental Results With a Collinear 
Electrode Plasma Accelerator and a 
Comparison With Ion Accelerators. . 

STAUFFER, L. H. 

Voltage-Current Characteristics of 
Tungsten Electrodes in Cesium 

STEFFAN, KENNETH F. 

Satellite Rendezvous Terminal Guid- 

STEINBERG, M. A., 
AUGENSTEIN, B. W. 

Proposed Ground and Flight — 

to Develop Space Age Materials. 
STEINBERG, S., see Bro, P 
STEPHANOW, S. E., see Otiver, R. E. 
and Hare, 


STEPHANS, CHARLES W., 
ALAN M. 
Internal Design Considerations for 


Cavity-Type Solar Absorbers...... 
STERNBERG, S., and SCHNAPF, A. 
Performance and Evaluation of Satel- 
lites Tivos I-and Tiros. 
STinNETT, G. W., see SMEDAL, 
STONE, Max W. 
S.otted Tube Grain Design.......... 
SToNE, WiLL1AM C. 
Practical Methods for Compensation of 
Erosive Pressure Peaks........... 
Srrack, S. L., see KENNET, H. 
StrakHov, B. V., see EMEL’IANOVA, Q. I. 
Stroup, JOHN F. 
Effect of Discontinuity in Wall Curva- 
ture on Boundary Layer (TN)..... 
STRUBLE, Rarmonp A., and CAMPBELL, 
F. 
Theory of Motion of a Near Earth 


Technical Comment by YosHIHIDE 


See also BLack, Haroip D. 
SUMMERFIELD, MARTIN 


Sutton, GrEorGE W., see BLECHER, 
SHELDON 
Swirt-Hook, D. T. 
Technical Comment (RS).......... 


TaLantTov, A. V., see Petrov, E. A. 
Taratynova, G. P. 

Numerical Solution of Equations of 
Finite Differences and Their Appli- 
cations to the Calculation of Orbits 
of Artificial Earth Satellites (RS). . 

TeETsS, PETER B., see WOLFE, RoBERT R. 
TELLEP, D. M., see Epwarps, D. K. 
TEeREBuSKO, O. I. 

Stability of a Cylindrical Shell Under 
Twisting, External Pressure and 

TEWELES, SIDNEY 

Meteorological Analysis of Churchill 

Rocket Sounding Data (TN)...... 
Tuompson, T. H., see Myers, G. H. 
Tuompson, W. R., see DEAN, L. E. 
THREEWIT, T. R., see Rossint, R. A. 
THROSSELL, LAURANCE G., see ETTEL- 

son, BEN L. 

Tine, Lu, see Moskow1Tz, SAMUEL E. 
Toxar’, E. N., see RAUSHENBACH, B. V. 


1598 


1780 


935 


896 


664 


1350 


976 


378 


1807 


1 
= 553 
| 
763 
158 
660 
|__| 
2 
261 
|| 
322 
1516 
228 
1495 
223 
1288 
294 = 
154 
949 
841 
= 
1773 


TRANSUE, _Joun R., see RApcLiFFE, 
F. 

TravuGoTT, STEPHEN C., see GREENBERG, 
RoserT A. 

Tross, CarRL 

Lunar Landing Sites Selection (TN). . 

Tsucnurya, H. M., see FREDRICKSON, A. 

G 


Tsytovicn, V. N. 

Reflection of a Ring Current by a 

Tyurmina, L. O., see DoLcrnov, S. SH. 
Upy, Lex L., see Cook, MELvin A. 
ULveEDAL, F., see WELCHM, B. E. 
VaKHLov, P. V., see VERNOV, S. N. 
VANDENKERCKHOVE, J. 

Tentative Explanation of Irregular 
Burning in Solid Propellant Rockets 

VeRNov, S. N. 
Cosmic Rays and Outer Space (RS). 
VerNov, S. N., A. E., 

VakuLov, P. V., LoGacuev, 

and Niko.aev, A. G. 

Radiation Measurements During the 
Flight of the Second Cosmic Rocket 

Viecas, JoHN R., and Pena, T. C. 

Electrical Conductivity of Ionized Air 
in Thermodynamic Equilibrium 

Vincent, Tuomas L. 
Satellite Life Duration (TN)........ 
ViskanTA, R., and Grosu, R. J. 

Temperature Distribution in Couette 

Flow With Radiation (TN)....... 
Vuiacuos, N. D. 

Correction Factor for Annular Nozzles 

A. S., see AGAMInoy, V. L. 
Von, Li KHEN 

Theory of Optimal Signal Filtration in 
the Presence of Internal Noise in 
Systems With Variable Parameters 

Von KarnMAN, THEODORE 
Martin Summerfield: Ten Years as 
VyYKUKAL, H. C., see SMEDAL, H. A. 
Wa ker, R. E., and Gren EskI, S. E., 
Jr. 

Instrument for Measuring Total Inci- 
dent Radiant Heat Transfer to a Jet 
Engine Surface (TN)............ 

Watiman, E. J., see Haut, N. S. 
R. V. 

Ballistic -Entries With a Varying 

WaARFIELD, W., and Bium, G. D. 

Hardening of Plastisol Propellants 

Warren, W. R., Karci, E. M., and 
Geicer, R. E 

Shock Tunnel Experimental Techniques 
for Force and Moment and Surface 
Flow Direction Measurements (TN) 

WaATERMEIER, LELAND A. 

Experimental Study of Combustion In- 
stability in Solid Rocket Propellants 

Watson, RonALp 

Effect of Scale Size on a Rocket Engine 

With Sudden Frozen Nozzle Flow 
WEaTHERSTON, R. C., and HERTZBERG, 


Investigation of Rocket Flow Problems 
by Means of Short Duration Flow 

WeseER, RicHarp J. 

Optimization of Multistage Rockets 

Wenner, B. P. 
Sputtering Effects on the Moon’s Sur- 
WE tcH, B. E., Morcan, T. E., Jn., and 
ULVEDAL, F. 
Sealed Cabin Experimentation. ...... 
WHEELON, ALBERT D. 

Correction for Free Flight of a 
Ballistic Missile, ARS Journat, 
December 1959, vol. 29, pp. 915- 

Witson, Howarp B., Jr. 

Stresses Owing to Internal Pressure in 

Solid Propellant Rocket Grains..... 
Wine, L. D., and Cameron, K. E. 

Solar Collectors for Use in Thermionic 

Power Supply Systems in Space... . 
Wo tsers, H. L 

Recent Developments in Bio-Medical 


1808 


1153 


136 


1466 
399 


967 


1015 


1306 


1182 


77 


208 


674 


452 


1149 


849 


438 


1541 


1792 


309 


327 


1422 


Wotr, H., see De Soro, S., and SEADER, 
D 


Wotre, Rosert R., CorGan, JouNn M.., 
and TeEts, Peter B. 

Energy Requirements for Satellite Sta- 

bilization of the Gravitational Gradi- 


Wonc, Tuomas J., see Eccens, ALFRED 
J., Jn. 
Woon, ROBERT M., see Ponsrorp, 
Henry T. 


Woops, W. A. 

Method of Calculating Liquid Flow 
Fluctuations in Rocket Motor Supply 

Woopwaprp, E. C. 
Combustor Similitude Study......... 
WroseEL, J. RicHarD, and BRESHEARS, 
Rosert R. 

Lunar Landing Vehicles Propulsion 

Requirements (TN)...........--- 
Wu, J. C. 

Growth of Magnetohydrodynamic 

Boundary Layers (TN).......... 
Wu, Jarn-Minc, Cuapxis, R. L., and 
MaceEr, A. 

Approximate Analysis of Thrust Vector 

Control by Fluid Injection........ 
YakuBovicH, V. A. 

Nonlinear Differential Equations of the 
Automatic Regulation System Hav- 
ing a Single Regulating Member 

R 


Yao, Joun C. 
Stability of a Cylinder Under Dynamic 
Yaryoin, A. V., see SHAFER, YU. 
Yasur, GEORGE 
Reactor Heat Removal Limitations of 
Yarzunsky, I. M., and Gurxo, O. V. 
Variation of the Albedo of the First 
Artificial Earth Satellite as a Result 
of the Influence of External Factors 
YastrREBOV, V. D., see P. E. 
Yun, K. S., see BAvE, 
Zajac, E, E. 
Capture Problem in Gravitational Atti- 
tude Control of Satellites (TN).... 
ZAPPALA, ALFRED G., see SLOCUM, 
RicHarp W., Jr. 
Zuuzcov, L. N., see S. SH. 
ZIEBLAND, H., and DupreE, M. L. 
Thermal Conductivity of Kerosine D. 
Eng. R.D. 2495 Between 15 and 
325C at Pressures Up to 200 Atm. 
ZrEMER, RicHarD W. 
Heat Transfer Gage for Use in Highly 
Ionized Gases 
See also DEMETRIADES, STERGE T. 
ZLOTNICK, MarrTIN, see Moore, 
JEFFREY A. 
Zucrow, M. J., and SELLERS, JoHN P., 


Jr. 
Experimental Investigation of Rocket 
Motor Film Cooling (TN)........ 
Zupnik, T. F., see Bamtey, W. S. 


SUBJECTS 


PROPULSION AND POWER 
(Combustion Systems) 


RECENT DEVELOPMENTS IN ROCKET 
Nozzie ConricuratTions, G. V. R. 


PERFORMANCE OF PLUG-TyPE RocKET 
Exnaust Nozzies, K. Berman and 


EXPERIMENTAL METHOD OF MEASURING 
INTENSITY OF TURBULANCE IN A 
Rocket CHAMBER, Martin Hersch. . . 

ANALYSIS OF PARTIAL ADMISSION AXIAL 
ImMpvuLsE TuRBINES, Hans D. Linhardt 
and David H. Silvern.............. 

IMPORTANCE OF COMBUSTION CHAMBER 
GEOMETRY IN HicGH FREQUENCY Os- 
CILLATIONS IN Rocket Moronrs, J. R. 
Osborn and J. M. Bonnell.......... 

TRUNCATED PernFect Opti- 
muM Nozze Desicn, J. H. Ahlberg 

VERIFICATION OF NozzLE ADMITTANCE 
Tueory By DirECT MEASUREMENT OF 
THE ADMITTANCE PARAMETER, Luigi 
Crocco, Rodolfo Monti, and Jerry Grey 


836 


1560 
1401 


1570 


562 


1677 


102 


1705 


1195 


698 


1464 


845 


78 


668 


1488 


18 


39 


297 


482 


614 


771 


SELECTION OF A PRESSURIZATION SYSTEM 
FOR A STORABLE LigumD PROPELLANT 
Rocket EncrinE, C. J. Kaplan....... 786 
Gas Particte 1N AN AXISYM- 
METRIC Nozze, W. S. Bailey, E. N. 
Nilson, R. A. Serra, and T. F. Zupnik 793 
APPROXIMATE SOLUTION OF ISENTROPIC 
SwirLiInc THrouGH A NOZZLE, 
EFFECT OF FuEL CoMPOSITION ON HIGH 
FREQUENCY OSCILLATIONS IN ROCKET 
Morors BURNING PREMIXED HypRO- 
CARBON GASES AND Arr, J. R. Osborn 
and J. M. Bonnell.............++0. 1397 
METHOD oF CALCULATING LiguID FLow 
FiuctuatTions 1N Rocket Moror 
Suppiy Pires, W. A. Woods........ 1560 
Dynamic RESPONSE OF LiQgUID FUELED 
Rocket ENGINES ON _ FLEXIBLE 
Sranps, V. 1690 
Turust TERMINATION IN SOLID ROCKET 
Morors—EvALUATION OF BALLISTIC 
Test Data, Sherwin Kalt (TN)..... 84 
Heat RELEASE RATE, TEMPERATURE 

AND PrEssuRE IN SOLID ROCKET IN- 

sTaBiLity, F. T. McClure, R. W. Hart, 

ADVANCED UNCOOLED NOZZLE FOR SOLID 

PropeELLANnt Rocket, Chuk-Ching Ma 

Hypravutic ANALOG INVESTIGATION OF A 

Pruc Nozzte, R. H. Page and A. P. 


Errect OF SCALE SIZE ON A ROCKET 
EncinE WitrH FROZEN 


Nozzie Fiow, Ronald Watson (TN) 452 
MetHop For Pruc Nozzie DE- 

(Comment by M. H. Seidman).... 1292 
EXPERIMENTAL StuDY OF COMBUSTION 
INSTABILITY IN Rocket Pro- 


PELLANTS, Leland A. Watermeier 

CoRRECTION FACTOR FOR ANNULAR 

Nozztes, N. D. Vlachos (TN)...... 822 
ApraBaTic Nozzie Fuiows, R. A. A. 


SIMPLIFIED SUDDEN-FREEZING ANALYSIS 

FOR NONEQUILIBRIUM NozzLE FLows, 

INVESTIGATION OF Rocket FLow Pros- 

LEMS BY MEANS OF SHORT DURATION 

Fiow Devices, R. C. Weatherston and 

SUMMARY OF SOLID PROPELLANT RE- 

SIDUAL StupiEs, J. A. Morris 

PRELIMINARY THRUST-TIME Curve FOR 

A SPHERICALLY SHAPED Pro- 

PELLANT Rocket Motor, Howard M. 

IMPULSE PROGRAMMING FOR TURBINE 

Boost, J. J. Marcinek and R. E. Gold- 


ConsuMABLE CAsE Souip Rocket, A. N. 
1790 


INFLUENCES OF SOLID PROPELLANT 
Burninc RATE EXPONENTS ON PER- 
FORMANCE OF ENGINES WiTtH LARGE 
Back PressurE VARIATIONS, Robert 

TuHrust TERMINATION TRANSIENTS IN 
ProrpetLANt Rockets, R. E. 

Barry and J. E. Brothers (TC)...... 848 

CoMMENT ON “Rapimp METHOD FOR PLUG 
Nozzte Desicn,” M. H. Seidman 


PROPULSION AND POWER 
(Noncombustion) 


Recen’t ADVANCES IN ELEcTRIC ARC 


PrasMA GENERATION TECHNOLOGY, 

Richard R. John and William L. Bade 

THe in Space, H. A. Lieb- 

hafsky and W. T. Grubb, Jr. (SA)... 1183 


RECENT ADVANCES IN MAGNETOHYDRO- 
DYNAMIC PROPULSION, Meredith C. 
1670 

EXPERIMENTAL Resutts WitH a 
LINEAR ELECTRODE PLASMA ACCELER- 

ATOR AND A COMPARISON WitTH ION 
AcceLeraTors, W. L. Starr and S. W. 

VoLTAGE-CuRRENT CHARACTERISTICS OF 
TUNGSTEN ELECTRODES IN CESIUM 

Sotar CoLLectTors For UsE IN THERM- 
tonic Suppty SystTEMS IN 
Space, L. D. Wing and K. E. Cameron 327 


ARS JourRNAL 


: ° 
4 
4 
‘ 
| 
|| 
= 
= 
; 
{ 
f || 
; 4 


PROPULSION BY COMPOSITE BEAMS OF 
NEGATIVE AND Positive Ions, M. A. 
Gilleo and S. W. Kash......... 

ELECTRODE REFRACTION AND ION BEA AM 
G. C. Baldwin... 

Reactor CorE TEMPERATURE 
UREMENTS, L. H. Shinault and T. F. 


FEASIBILITY OF TURBULENT Vortex 
CONTAINMENT IN THE GASEOUS FIs- 


sion Rocket, M. L. Rusenzweig, W. 
S. Lewellen, and J. L. Karrenbrock. . . 
Proputsion SysteEM Usixnc a Cavity 
REACTOR AND MAGNETOHYDRODY- 
PHOTOCHEMISTRY AND SPACE POWER 
GENERATION, J. N. Pitts, Jr., J. Mar- 
gerum, and Wm. E. McKee......... 
INTERNAL DeEsIGN CONSIDERATIONS FOR 
Cavity-TyPE SOLAR ABSORBERS, 
Charles W. Stephens and Alan M. 
Reactor Heat REeEMOvAL LIMITATIONS 
or Nuciear Rockets, George Yasui. . 
THEORETICAL PERFORMANCE OF PROPEL- 
LANTS SUITABLE FOR’ ELECTRO- 
THERMAL JET ENGINES, John R. Jack 
Tue TRAVELING-WAVE Pump, Eugene E. 
Covert and Charles W. Haldeman... . 
Errect oF AUGMENTATION 
on Nucrear Rocket Fuicut Per- 
FORMANCE, Edwin R. Berry (TN). 
RADIATED POWER FROM 2-IN. SPHERE OF 
Hich TEMPERATURE AIR AT PREs- 
suRES TO 50 AtM, Domenico Ragusa 
(TN) 
SoLips AS A NucLEear FuEL 
For RockeT Proputsion, L. P. Hatch, 
W. H. Regan, and J. R. Powell (TN) 
SmALL MHD Power GENERATOR USING 
CoMBINATION GASES AS AN ENERGY 
Source, S. J. Mullaney and N. R. 
MiIcROWAVE Rocket Propusion, Rich- 


ard W. Slocum, Jr., and Alfred G. 
EXPERIMENTAL PERFORMANCE OF A 


Putsep Gas Entry CoaxtaL PLAsMA 
ACCELERATOR, P. Gloerson, B. Goro- 
Witz, and W. Palm CIN) 
Drrect THRUsT AND EFFICIENCY MEAS- 
UREMENTS OF A CONTINUOUS PLASMA 
ACCELERATOR, Sterge T. Demetriades 
and Richard W. Ziemer (TN) 
TEMPERATURE Fission CHAMBERS 
AND IONIZATION CHAMBERS, G. M. B. 
Turust VECTOR DETERMINATION OF AN 
Ion ENGINE BY DIFFERENTIAL COM- 
PARISON AN  UNTHRUSTED 
Orsit, James N. Hanson (TN)...... 
PLAsMA Proputsion WitTH A PuLsEeD 
TRANSMISSION Line, Allan Schaffer. . . 
Note on “Pierce Gun DESIGN FOR AN 


ACCELERATE-DECELERATE _ IONIC 
Turust Device,” J. R. Pierce (TC). . 
EFFICIENCY CALCULATIONS FROM 


TurustT MEASUREMENTS, William J. 


873 


884 


890 


896 


1195 


1685 
1252 


92 


445 


547 


1158 


1278 


1439 


1787 
1718 


PROPELLANTS AND COMBUSTION 


PREDICTION OF COMPOSITION LIMITS FOR 
DETONATION OF HyYDROGEN-OXxYGEN- 
Ditvent Mixtures, Richard W. Patch 

CALIBRATIONS OF THE Carp-Gap TEsT, 
Melvin A. Cook and Lex L. Udy..... 

Grain Desicn, Max W. 

THERMODYNAMIC CALCULATIONS or Hy- 
DROGEN-OXYGEN DETONATION PARAM- 
ETERS FOR Various INITIAL PREs- 
surES, Loren E. Bollinger and Rudolph 

dse 


STRESSES OwING TO INTERNAL Pre SSURE 
IN Sotip PROPELLANT ROCKET 
Grains, Howard B. Wilson, Jr....... 

IGNITION OF SOLID PROPELLANT ROCKET 
Motors By INJECTION OF HyPERGOLIC 
Fiums, Carl C. Ciepluch, Harrison 
Allen, Jr., and Edward A. Fletcher... 

Size DIsTRIBUTION AND VELOCITY OF 
ETHANOL Drops 1n A Rocket Com- 
BUSTOR BURNING ETHANOL AND LiQguID 
OxycEN, Robert D. Ingebo......... 

EXPERIMENTAL MEASUREMENTS AND 
THEORETICAL ANALYSIS OF DETONA- 
TION INDUCTION DisTANCEs, Loren E. 
Bollinger, Michael C. Fong, and Ru- 
dolph Edse. 


DECEMBER 1961 


251 


309 


514 


540 


588 


Larce Scate Gap TEsT: 


INTERPRETA- 
TION OF RESULTS FOR PROPELLANTS, 
Donna Price and Irving Jaffe........ 

VISCOELASTIC PROPERTIES OF RUBBER- 
LIKE COMPOSITE PROPELLANTS AND 
Evastomers, Robert F. Landel 

ENerGy PROPELLANT COMPARI- 
SONS FOR SPACE Missions, R. V. 
Burry, J. Jortner, and J. K. Rosemary. 

TuHeory OF MIXING AND CHEMICAL RE- 
ACTION IN THE Opposep-Jet Dir- 
FUSION FLAME, D. B. Spalding...... 

Heat Sink STRAND FoR DETER- 
MINING BALLISTIC PROPERTIES OF 
E. K. Ives, J. 
Dominik, and W. A. Proell......... 

A MopEet OF UNSTABLE 
BuRNING IN SOLID PROPELLANTS, M. 
Richard Denison and Eric Baum..... 

EXPERIMENTAL INVESTIGATION OF DE- 
TONATION IN UNCONFINED GASEOUS 
HyDROGEN-OXYGEN-NITROGEN Mix- 
Loon TH. Cassatt... 

Use oF Binary Licht METAL MIXTURES 
AND ALLOys AS ADDITIONS FOR SOLID 
PropeLtants, A. W. Blackman and 

PRACTICAL METHODS FOR COMPENSATION 
or Erosive Pressure Peaks, William 

MEASUREMENT OF HEAT FLUx FROM 
INITIATORS FOR SOLID PROPELLANTS, 
J. A. Keller and N. W. Ryan........ 

DETONABILITY OF SoLmD COMPOSITE 
PrRopELLANTS, W. H. Anderson and 

CoMBUSTION OF CARBON IN 
STREAM, Jeffrey A. Moore and Martin 
Zlotnick 

CoMBUSTION SIMILITUDE Stupy, E. C. 

WOOGWEE 

INVESTIGATION OF Basic Cuanac TER- 
ISTICS OF COMBUSTION OF A Homo- 
GENEOUS MIXTURE OF AN OPEN TuR- 
BULENT STREAM, E. A. Petrov and 

IGNITION IN A FLow By Hor Boptes, 


S. A. Gol'demberg (HS) 
Density oF Liguip Ozone, T. I. Emel’- 
ianova, B. V. Strakhov, and V. P. 


UseFuL CORRELATION OF INTERIOR BAL- 
Listic THEORY AND EXPERIMENTAL 
Dara, Harold D. Black and Raimond 

Sotm PROPELLANT SOURCE OF CESIUM 
Piasma, Lawrence W. Fagg and Ray- 
mond Friedman (TN)............- 

AN INTEGRATED PROPELLANT PERFORM- 
ANCE ANALysIS ProcGRAM, Stanley F. 
Sarner and John F. Dollries (TN)... . 

CALCULATION OF C® FoR hiGH Dissoci- 
ATED PROPELLANT COMBUSTION PRop- 
vers, J. Gordon (CIN). 

STABILITY PROGRAM OF THE FLOw WITH 
CoMBUSTION IN VARIABLE AREA 
Duct, Andrezej Kowalewicz (TN)... 

HARDENING OF PLASTISOL PROPELLANTS, 
R. W. Warfield and G. D. Blum (TN) 

THERMAL CONDUCTIVITY OF KEROSINE 
D. Enc. R.D. 2495 Between 15 
325 C ar Pressures Up to 200 Atm, 
H. Ziebland and M. T. Dupree (TN) 

Errect oF Acoustic ENVIRONMENT ON 
THE BuRNING RATE OF DovuBLE-BASE 
PRopELLANts, J. E. Crump and 
E. W. Price (TN)... 

ADVANCED IGNITION SYSTEM FOR SOLID 
PROPELLANT Rocket Morors, J. J. 

BurninG Rates OF COMPOSITE SOLID 
PROPELLANTS AT SUBATMOSPHERIC 
Pressure, Harry Silla (TN).... 

PLATEAU BALLISTICS IN NITROCELLULOSE 
PROPELLANTS, R. F. Preckel (TN)... 

BINDER CRYSTALLIZATION IN POLyYSUL- 
FIDE PROPELLANT, W. E. Hunter, E. 
T. Foster, and G. F. Mangum (TN).. 

Errect oF Rapim PressurE DECAY ON 
Sotip PROPELLANT CoMBUSTION, 
Carl C. Ciepluch (TN) 

OnE-DIMENSIONAL SOLID PROPELLANT 
Oscr_Latory BurNER, M. D. Horton 


or Liguip ATOMIZATIUN IN 
Hicu Gas StreAMs, Ernest 

ConFIGURATION EFFICIENCY: A NEw 
MEASURE OF BALLISTIC QUALITY FOR 
A Grain Desien, R. A. Rossini, J. S. 
Billheimer, and T. R. Threewit (TN) 


595 


599 


609 


763 


783 


1112 


1122 


1265 


1288 


1375 


1379 


1388 
1401 


408 
691 


1350 


1026 


1029 


Gasrous DETONATION WAVE INTERAC- 
TIons WitH Nonricm BOounpDARIEs, 
William P. Sommers (TN)......... 

DETERMINATION OF OptTiMuUM INSULA- 
TION J. A. Orr (TC)....... 

TecunicaL CoMMENT, D. T. Swift-Hook 
(RS) 

TENTATIVE EXPLANATION OF IRREGULAR 
BURNING IN’ SOLID’ PROPELLANT 
Rockets, J. Vandenkerckhove (TC). . 

INTEGRATABLE FORM OF DROPLET DRAG 
CoEFFICIENT, Abbott Putnam (TC).. 

y LarGe or SMALL, R. C. Oliver and 
S. E. Stephenson (TC). 


1780 
269 
1350 


1466 
1467 
1468 


MATERIALS AND STRUCTURES 


ProposED GROUND AND FLIGHT PROGRAM 
tro DEvELop Space AGE MATERIALS, 
M. A. Steinberg, J. L. Fox, and B. W. 

SraBILiry OF OrTHOTROPIC CyYLINDRI- 
CAL SHELLS UNDER CoMBINED LOoApD- 

ABLATION MECHANISMS IN PLASTICS 
INORGANIC REINFORCEMENT, 
Norman Beecher and Ronald Rosen- 

METEROIDS VS. "SPACE VEHICLES, R. L. 
Bjork ee 

IGNITION CHARACTERISTICS OF METALS 
AND ALLoys, L. E. Dean and W. R 

EFFECT OF GLAss ‘Finer GromeTRY 
oN CoMposITE MATERIAL STRENGTH, 

Mop1FIED CHROMIUM FOR UNPROTECTED 
Structures, David M. Scruggs...... 

DrrRECTIONAL SOLAR REFLECTANCES IN 
THE SPACE VEHICLE TEMPERATURE 
ContTrot ProsieM, D. K. Edwards. . 

STABILITY OF A CYLINDER UNDER Dy- 
NAMIC Pressure, John C. Yao 

BEHAVIOR OF CYLINDRICAL SHELLS 
UnpvEer Dynamic Loapinc By HyprRo- 
STATIC PRESSURE OR BY AXIAL CoM- 
PRESSION, V. L. Agamirov and A. S. 

STABILITY OF A CONSOLE Cyzinpric AL 
SHELL UNDER BENDING BY A TRANS- 
VERSE Force WitH TWISTING AND IN- 

Pressure, V. M. Darevskii 


TERNAL 
STABILITY OF A CYLINDRICAL SHELL 
UNDER TWISTING, EXTERNAL PREs- 
SURE AND  aeaeeee O. I. Tere- 


MELTING DIAGRAM FOR THE TITANIUM- 
MOLYBDENUM TERNARY SysTeM, I. I. 
Kornilov and R. S. Poliakova (RS).. 
INVESTIGATION OF THE IRON-CHROMIUM- 
TrTaANruM D1AGRAM IN A RE- 
GION OF IRON- 
Attoys, N. G. 
Kornilov (RS) 
STABILITY OF AN ORTHOTROPIC 
DRICAL SHELL WiTH Ax1AL LOAD AND 
EXTERNAL Pressure, O. N. Len’ko 
PROPAGATION AND INTERACTION OF 
COMPRESSION AND RAREFACTION 
Waves Evastic-PLAstic MeEpIA, 


AND CHROMIUM-RICH 
Boriskina 


and I. I. 


G. M. Liakhov and N. I. Poliakova 
MeETEORITIC IMpaAcT, David B. Beard 


Rocket Nozz_es As TEMPERATURE IN- 
picators, Y. Baskin and D. C. Schell 
(TN) 

SuRFACE BEHAVIOR OF Boron NITRIDE 
iN HicH TEMPERATURE ARC HEATED 
Gases, P. Bro and S. Steinberg (TN) 


FLUID DYNAMICS, 
HEAT TRANSFER, AND MHD 


RECENT ADVANCES IN NONEQUILIBRIUM 
Dissoc1ATING GAsDYNAMICS, Ting Y. 

RECENT ADVANCES ON CONDENSATION 
AND EvaporATION, Welby G. Court- 

Motion AND HEATING OF LIFTING VE- 
HICLES DurING ATMOSPHERE ENTRY, 
Alfred J. + aan Jr., and Thomas J. 
Wong (SA). 


228 


237 


532 
803 


917 


1260 
1527 


1548 


1705 


98 


378 


694 


961 


1315 


1644 


1460 


| 
|| 
= 
|| 
|| 
| 
| 
, 
= 
125 
90 
157 
$58 
374 
345 
1275 
77 
5 
170 
+3 
= 751 
51 1364 
809 
\ 


Dissoc1aT1ION Errects Upon CompRrEs- 
SIBLE TURBULENT BouNDARY LAYER 
Sxmn FRICTION AND HEAT TRANSFER, 
William H. Dorrance.............. 

MEASURED PRESSURE DISTRIBUTION AND 
Locat Heat TRANSFER RATES FOR 
Frow Over Concave HEMISPHERES, 
J. C. Y. Koh and J. P. Hartnett.... 

Smock Wave anv Fiow Fietp DE- 
VELOPMENT HypeERSONIC RE- 
Entry, Ronald F. Probstein........ 

AERODYNAMIC CHARACTERISTICS OF 
WeEpcEs 1n Low Density SUPERSONIC 
Fiow, S. A. Schaaf, E. S. Moulic, 
M. T. Chahine, and J. J. Maslach.... 

GENERALIZED HEAT TRANSFER For- 
MULAS AND GRAPHS FOR NosE CONE 
Re-Enrry INTO THE ATMOSPHERE, 
R. W. Detra and H. Hidalgo........ 

LINEARIZED MAGNETOGASDYNAMIC 
CHANNEL FLow WirH Ax1AL SyM- 


Outer Inviscip Hypersonic FLow 
ATTACHED SHOCK WAVES, 
Richard A. Scheuing.......... aia 


APPLICATION OF THE MANGLER TRANS- 
FORMATION BovuNDARY LAYER 
Fiow, S. de Soto and H. Wolf...... 

TEMPERATURE RAREFIED HyPER- 
sonic Frow Over a Fiat Pate, 
H. T. Nagamatsu, R. E. Sheer, Jr., 

ANALYsIs OF CONVECTIVE HEAT TRANS- 
FER IN Rocket NozzLes, Ernest 
Mayer 

AERODYNAMIC AND RapIANT HEAT IN- 
PUT IN SPACE VEHICLES WuicH RE- 
ENTER AT SATELLITE AND ESCAPE 
Brammer... 

Recent Hypersonic Stupies oF WinGS 
AND Bopigs, Mitchell H. Bertram and 
Arthur Henderson, 

TRANSPORT PROPERTIES OF DISSOCIATED 

, E. A. Mason, and 


EXPERIMENTAL STUDY OF FLOW AND 
SEPARATION IN VoRTEX TuBES WITH 
APPLICATION TO GAsEs Fission HEAT- 

Hor MEASUREMENTS 
REYNOLDS NUMBER HyPERSONIC 
Fiows, C. Forbes Dewey, Jr........ 

REFLECTION OF A RinG CURRENT BY A 
Priasma, V. N. Tsytovich (RS)...... 

OF A SPHERICAL Drop IN THE 
PRESENCE OF EVAPORATION OR CON- 
DENSATION OF Vapors AT Its SurR- 
FACE, V. S. Novoselov (RS)........ 

PROPAGATION OF ForCcED PLANE Com- 
PRESSION WAVES OF SMALL AMPLI- 
TUDE IN A Viscous Gas WHEN Rap1A- 
TION 18 TAKEN INTO Account, V. A. 

SoLUTION OF SEVERAL PROBLEMS OF AIR 
MOTION IN THE PRESENCE OF Dis- 
sociaATion, S. S. Kvashina and V. P. 

AERODYNAMIC INTERACTION IN A FREE 
MoLEcuLaR Ftiow, E. Larish (RS). . 

MaGNETO-VorTICAL Rinos, Yu. P. Ladi- 
kov 

INSTRUMENT FOR MEASURING TOTAL IN- 
CIDENT Heat TRANSFER TO A JET EN- 
GINE SuRFACE, R. E. Walker and S. E. 

SHock TuNNEL EXPERIMENTAL TECH- 
NIQUES FOR FORCE AND MOMENT AND 
SurFACE FLow DrirEecTION MEASURE- 
MENTS, W. R. Warren, E. M. Kaegi, 

CoMPARISON OF THEORETICAL AND Ex- 
PERIMENTAL FitM THICKNESS, A. E., 

NONEQUILIBRIUM IONIZATION IN A SHOCK 
TUNNEL Fiow, Alan Q. Eschenroeder 
and John W. Daiber (TN)........ 

AERODYNAMIC HEATING OF 
Bopres oF Low THERMAL 
Fusivity, Gerald R. Quinn (TN).... 

EstTrMaTION OF SpEciFic Heats at Nor- 
MAL TEMPERATURES, Fred H. Brock 

STAGNATION Pornt RapDIATIVE TRANS- 
FER, H. Kennet and S. L. Strack (TN) 

CALIBRATION OF Hypersonic HicH TEM 
PERATURE WIND TUNNELS, S. E, Neicé 
and R. W. Rutowski (TN)....... Aes 

ENTRANCE EFFECTS IN THE HiGH TeM- 
PERATURE HEAT TRANSFER FROM Di1s- 
sOCIATED Gases, P. Bro and S. Stein- 


1810 


61 


71 


185 


194 


318 


334 


486 


553 


902 


911 


1102 


1129 


1151 


1204 


1705 
136 


686 


77 


86 


94 


372 


375 


CoMPARISON OF SOME APPROXIMATE 


METHODS FOR CALCULATING RE- 
Entry ABLATION OF A SUBLIMING 
MarTeriAL, Sheldon Blecher and 
Errect oF Two-DIMENSIONAL HEAT 
ON Watt TEMPERATURES 

A TusBuLaR THRUST CHAMBER, 

SmmILAR SOLUTIONS OF THE 
ConvEcTION Bounpary LayEeR Equa- 
TIONS FOR AN ELECTRICALLY CON- 
DUCTING FLum, Barry Reeves (TN). . 
GrowTH OF MAGNETOHYDRODYNAMIC 
Bounpary Layers, J. C. Wu (TN).. 
THEORETICAL ANALYSIS OF HEAT TRANS- 
FER TO GAsES IN SMOOTH ROUND 
TusEes UNDER CONDITIONS OF TURBU- 
LENT FLow AND HicuH F vx, J. D. 
Seader and H. Wolf (TN)......... 
Heat TRANSFER IN Low PranptL NuM- 
BER FLows WITH VARIABLE THERMAL 
Properties, D. K. Edwards and D. M. 
ELectricaL OF IONIZED 
Am IN THERMODYNAMIC EQUILIBRIUM, 
John R. Viegas and T. C. Peng (TN) 
PRELIMINARY ANALYSIS OF THE CAPA- 
BILITIES OF A COMPOSITE SLAB FOR 
AN ApvANCED Heat Sink DESIGN, 
Errect oF CarBON DEPOSITION ON 
Heat TRANSFER IN A _ LOX/RP-1 
Turust CHAMBER, John P. Sellers, Jr. 
(TN) 
oF DISCONTINUITY IN WALL 
CurRVATURE ON BounpaRY LAYER, 
EXPERIMENTAL INVESTIGATION OF 
Rocket Motor Firm M. 
J. Zucrow and John P. Sellers, Jr. 
EFFectT OF MAGNETIC DRAG ON 
Entry Bopy Heatinc, Richard L. 
APPLICATION OF HEAT FLux PoreNTIALS 
TO THE CALCULATION OF CONVECTIVE 
Heat TRANSFER IN CHEMICALLY RE- 
ACTING GasEs, Daniel C. Rosner (TN) 
SHock Wave ASYMMETRY FOR CONES 
AND SPHERE CONES AT ANGLE OF 
Attack, Robert A. Greenberg and Ste- 
phen C. Traugott (TN)............ 
Contact SuRFACE TAILORING IN A 
CHemicaL SHock TuBE, Howard B. 
Palmer and Bruce E. Knox (TN).... 
TEMPERATURE DISTRIBUTION IN Covu- 
ETTE FLrow With Rap1aTIon, R. Vis- 
kanta and R. J. Grosh (TN)....... 
SurnFAcE TEMPERATURES OF HIGH 
RapIATION COOLED BopieEs IN 
Dissoc1aTING ATMOSPHERES, Daniel E. 
Rosner 


433 


445 


557 


650 


658 


662 


664 


668 


672 


816 


821 


826 


Maxmum Error 1n ToTat Emissivity 
MEASUREMENTS Due TO Non-Gray- 
NESS OF SAMPLES, D. K. Edwards and 

Hypersonic Viscous EFFECTS iv WIND 
TunNELS, Robert H. Johnson (TN).. 

On “NUMERICAL COMPARISON BETWEEN 
Exact AND APPROXIMATE THEORIES 
oF Hypersonic Inviscip Past 
SLENDER BLuNT-NOsED Bopres,” K. H. 
Cheng and A. L. Chang (TN)...... 

NONUNIFORM DECELERATION OF A SLEN- 
DER CONE IN SUPERSONIC FLIGHT, 

THERMAL DirFusion Ratio 1n Dissoci- 
ATED Arr, Sinclaire M. Scala (TN).. 

STREAMLINES IN BounDARY LAYERS ON 
FLAT AND CONCAVE SURFACES IN Hy- 
PERSONIC FLow, Robert H. Johnson 
and Elwin C. Bigelow (TN)........ 

OnE-DIMENSIONAL OVERTAKING OF A 
SHock WaAvE By A _ RAREFACTION 
Wave, I. I. Glass, I. E. Heuckroth, 

OnE-DIMENSIONAL OVERTAKING OF A 
RAREFACTION WAVE BY A _ SHOCK 
Wave, G. F. Bremner, J. K. Dukowicz, 

MEASUREMENT OF HEAT TRANSFER IN 
A GrapHitrE Rop Heat EXcHANGER, 
Charles B. Johnson and Frank L. 
Clark (TN) 

DETERMINATION OF ELECTRON DENSITY 
AND IN SLIGHTLY IONIZED 
Cesium, George J. Mullaney and Nor- 

COMPARISON OF THE EXACT AND Ap-— 
PROXIMATE METHODS FOR PREDICTING © 


1452 


1453 


1455 


1458 


1575 


MoLecuLe AERODYNAMIC COEF- 
FicreNTs, Lee H. Sentmen (TN)... 
INTERACTION OF CENTERED EXPA.SION 

Waves, George Rudinger (TN)..... 
Nores on Heat Sink ANALysis, K. A. 
Adams and M. R. Seizew (TN)...... 
APPROXIMATE METHOD OF PREDICTING 
Hypersonic PRESSURE DISTRIBUTION 
on NonuirTinc NEAR Power LAw 
Bopres Usinc SIMILAR FLow THEORY 
Resutts, N. R. Augustine (TN).... 
INTERDEPENDENCE OF BASE PRESSURE 
anp Base Heat TRANSFER, R. J. 
Dixon and R. H. Page (TN)....... 


1576 


1587 
1595 


1778 


1785 


FLIGHT MECHANICS 


Low ACCELERATION TAKEOFF FROM A 
SATELLITE Orpit, H. Lass and J. 

CoMPLETE ELEMENTARY SOLUTION TO 
Some Optimum TrRajecTORY PRoB- 
Les, Frank D. Faulkner........... 33 

RESEARCH IN INTERPLANETARY TRANS- 
FER, John V. Breakwell, Rollin W. 
Gillespie, and Stanley Ross......... 

RE-EntriEs WitH A VARYING 
W/C,A, R. V. Warden............ 

Lrmits FOR STABLE NEAR-CIRCULAR 
PLANETARY OF SATELLITE ORBITS IN 
THE RESTRICTED THREE-Bopy Pros- 

MorTION OF A SATELLITE OF THE Moon, 
Harry Lass and Carleton B. Solloway 

ANOMALIES OF THE GEOMAGNETIC RE- 
TARDATION OF THE SPIN OF SATFLLITE 
VancuarD I (1958 Beta), P. L. 

CHARACTERISTIC VELOCITY REQUIRE- 
MENTS FOR IMPULSIVE THRUST TRANS- 
FERS BETWEEN Non Co-PLANaR Cir- 
CULAR Orpsirs, L. Rider........... 

PROBABILITY OF SATELLITE INTERCEP- 
TION By LAUNCHED PrE-GuUIDED 
MissILE, Edgar M. Jacobs, George W. 
Morgenthaler, and Robert A. Sebastian 

EFFEct oF GEOMETRICAL LIBRATION ON 
THE DAMPED MOTION OF AN EARTH 
SATELLITE, L. N. Rowell and M. C. 

VARIABLES THAT Are DETERMINATE 
For Any Orsit, Robert R. Newton. 

EscapE FroM PLANETARY Gravira- 
TIONAL FreLtps By UsE oF SOLAR 
Sams, Norman Sands......... 

Miss1LE TRAJECTORIES WITH LINEAR 
Time VARIATION OF THE SINE OR 
TANGENT OF THE THRUST ANGLE, E. 

Nopat RoTaTion FoR Continuous Ex- 
POSURE OF AN EARTH SATELLITE TO 
THE Sun, James N. Hanson and 
Stephen H. Fairweather............ 

Rocket Boost VEHICLE Mission Op- 
TIMIzATION, R. T. Stancil and L. J. 
Kulakowski 

OptimuM MANEUVERS FOR LAUNCHING 
SATELLITES INTO CrRCULAR ORBITS OF 
ARBITRARY RADIUS AND INCLINATION, 
J. P. Carstens and T. N. Edelbaum... 

EFFECTS OF PLANE LIBRATIONS ON THE 
OrspiTtaL MoTION OF A DUMBBELL 
SATELLITE, John P. Moran......... 

HopoGrRaPH ANALYSIS OF THE ORBITAL 
TRANSFER PROBLEM FOR COPLANAR 
NONALIGNED ELuipTicaAL Onrpirts, 
Samuel P. Altman and Josef S. Pistiner 

Pianar Motions AsoutT AN OBLATE 
PLANET, Maurice L. Anthony and 

SATELLITE Orbit SvusTAINING TECH- 
NIQUES, Richard W. Bruce......... 

VEHICLE MOTION IN THE EQUATORIAL 
PLANE OF A PLANET: A SECOND 
Orper ANALYsIS ELLIPTICITY, 
Maurice L. Anthony and Lawrence M. 

Perko 

PRoyECTED PATH OF THE LONGITUDINAL 
Axis oF EartTH-STABILIZED SATEL- 
uiTes, Avedis A. Aintablian........ 
REPRESENTATION OF FUEL SLOSHING IN 

TANKS BY AN EQUIVA- 
LENT MECHANICAL MopeL, HN. 

Abramson, W. H. Chu, and G. E. 

Impact OF MANNED SPACE- 
CRAFT, James L. Malakoff and William 

THREE-DIMENSIONAL OpTiMuM THRUST 
Trajectories, William G. Melbourne 


ARS JourRNAL 


201 
208 


214 
220 


286 


345 


352 


631 


640 


935 


943 


1089 


= 
= 
= 
|| 
| 
| 
|| 
|| 
= = 
| 
|| 
988 
997 
1630 
1635 
82 
( 
158 d 
265 ] 
370 
|| 
| 
— 


PRELIMINARY OrBIT DETERMINATION OF 
A NONTRANSMITTING SATELLITE Us- 
ING THE DOPLOC TrackinG SysTEM, 

PERTURBATIONS IN THE MOTION OF 
ARTIFICIAL SATELLITES DUE TO THE 
OBLATENESS OF THE Eartn, V. F. 
Proskurin and V. V. Batrakov (RS).. 

NUMERICAL SOLUTION OF EQUATIONS OF 
DIFFERENCES AND THEIR AP- 
PLICATION TO THE CALCULATION OF 
Orsits OF ARTIFICIAL EARTH SATEL- 
tires, G. P. Taratynova (RS)...... 


ROTATIONAL MOTION OF ARTIFICIAL 
Bopres 1n Space, G. N. Duboshin 


FORMULATION OF THE OPTIMUM Rocket 
Trajectory, Y. C. Shen (TN)...... 
Location OF Focat Ports oF EL- 
LipsEs, Roy C. Spencer (TN)...... 
Optimum TrRaAjECTORIES BETWEEN Two 
TERMINALS IN SPACE, Harold M. Stark 
(TN) 
MINIMUM TIME BALLISTIC INTERPLANE- 
TARY TRAJECTORIES, Vernon Lee and 
Dwight E. Florence (TN).. 
APPROXIMATE VELOCITY, POSITION AND 
Time RELATIONSHIP FOR BALLISTIC 
Re-Entry, B. P. Miller (TN)....... 
GRAPHICAL METHOD FOR PREDICTION 
oF TIME IN SUNLIGHT FOR A CriRcu- 
LAR Orsit, G. B. Patterson (TN).. 
AERODYNAMIC INFLUENCES ON SATEL- 
LITE LipratTions, D. M. Schrello (TN) 
DIVERGENCE FROM EQuILIBRIUM GLIDE 
PaTH aT SUPERSATELLITE VELOCITIES, 
Ramond Morth and Jason L. Speyer 
SoME COMPARISONS OF SLOSHING BE- 
HAVIOR IN CYLINDRICAL TaNKs WITH 
aNpD ConicaL Bottoms, H. Nor- 
man Abramson and Guido E. Rans- 
leben, Jr. (TN).. 
PrEssuRE DistrRisuTIONS DuRING 
SLosHING IN Tanks, H. Norman 
Abramson and Guido Ransleben, Jr. 
An APPROACH TO PROBLEM OF OpTiMuM 
Rocket TRAJECTORIES, Samuel E, 
Moskowitz and Lu Ting (TN)...... 
OpTiMAL PowERED ARCS IN AN INVERSE 
SguarE D. F. Lawden (TN) 
CoMPUTATION OF KEPLERIAN CONIC 
Sections, Hans Sperling (TN)...... 
THEORY OF Motion oF A NEAR EARTH 
SATELLITE, Raimond A. Struble and 
William F. Campbell (TN).. 
(Comment by Yoshihide Kozai)..... 
NONMATRIX FORMULATION OF AN 
ANGLE VECTOR TRANSFOR- 
MATION, Richard Leach (TN)...... 
SATELLITE Duration, Thomas L. 
Vincent (TN). 
Some REMARKS ON SOLAR San, A. Pozzi 
Low Turust Orpir Penatty, Paul D. 
Arthur (TN).... 
Time RELATIONSHIPS FOR INTERPLANE- 
TARY TRAJECTORIES, Werner M. Pau- 
son (TN). 
CHOICE OF UNPERTURBED ORBIT IN THE 
Use or ENCKE’s METHOD FOR THE 
EFFECTS OF OBLATENESS AND DRAG, 
N. S. Hall, H. F. Gawlowicz, and E. J. 
METHOD FOR DETERMINING “SCALE 
HEIGHTS IN THE ATMOSPHERE, S. 
Rubin (TN)... 
EFrrect oF EartH’s OBLATENESS ON THE 
ANOMALISTIC PERIOD OF A SATELLITE, 
M. M. Moe and E. E. Karp (TN).... 
SUGGESTED METHOD FOR SMALL 
CHANGES IN NopAL LONGITUDE FOR 
Potar Orsits, Paul D. Arthur, and 
Reinhard Lahde (TN)...... 
Crass oF MINIMUM ALTITUDE VARIA- 
TION Onsits ABOUT AN OBLATE 
Eartu, L. Rider (TN)..... 
ANALysIS OF LARGE AMPLITUDE RE- 
Entry George S. 
Campbell (TN) 
Potar HopoGraPpH FoR BALLISTIC MIs- 
sLE Trajectories, S. P. Altman and 
TERMINATING THE ITERATIVE SOLUTION 


oF KeEpier’s Equation, Oliver K. 
SOLUTIONS FOR SATELLITE MOTION 


UnpER Low ACCELERATION USING 
THE METHOD OF VARIATION OF Pa- 
RAMETERS, Stephen J. Citron (TN) 


DECEMBER 1961 


117 


976 


1345 
89 
158 


261 


435 


448 


1436 


1456 


1462 


1572 


1580 


1590 


1592 


1598 


1786 


Error ANALYSIS FOR DoppLeR DETER- 
MINED SATELLITE ORBITS OF OTHER 
PriaNnets, Paula L. Cohen and Armin 
J. Deutsch (TN).... 

An INTERESTING OBSERVATION ON THE 
Pornt RELEASE INTO ORBIT OF A 
NumBer oF Osyjects, Donald B. 

COMMENTS ON USE OF OscuLaTING EL- 
LIPsE IN ANALysIS OF NEAR Circu- 
LAR Orsirts, Yoshihide Kozai (TC).. 


VEHICLE DESIGN, TESTING, 
AND PERFORMANCE 


PowERED TRAJECTORY STUDIES FOR Low 
Turust Space VEHICLES, Robert H. 

OpTIMuM STAGING TECHNIQUE TO Max- 
PayLoap ToTaL ENErGy, Ed- 
gar R. Cobb... 

THERMOSTRUCTURAL Desicn—ENERGY 
VEHICLES FOR MARS AND VENUS, 
Henry T. Ponsford, Robert M. Wood, 
Robert E. Lowe, and James F. Made- 
well 

OptimuM STAGE- WEIGHT DisTRIBUTION 
or MuttistaGeE Rockets, John J. 
Coleman (TN). 
(Comment by Richard Weber). 

THe VimtTuaL Mass oF CLUSTERED 
Boosters, Holt Ashley and Gifford W. 

THE ARTIFICIAL EARTH SATELLITE— 
A New Geopetic Toot, Bruce C. 

PROPULSION REQUIREMENTS FOR Con- 
TROLLABLE SATELLITES, Theodore N. 
Edelbaum 

ProBLeMs ASSOCIATED WiTH MULTIPLE 
ENGINE STARTS IN SPACECRAFT, Wil- 
liam F. Radcliffe and John R. Transue 

PERFORMANCE AND EVALUATION OF 
SATELLITES Trros I AND Tiros II, S. 
Sternberg and A. Schnapf.......... 

SEALED CABIN EXPERIMENTATION, 
Welch, L. E. Morgan, Jr., and F. 
Ulvedal 

OpTIMUM RADIANT STRAIGHT Fin W ITH 
EXPONENTIAL SEs, Irving Granet and 
William McIlroy (TN). 


MULTISTAGE ROCKET Oprmazation, 
Robert V. Rogsac and Paul L. Patter- 


SrmpLe METHOD FOR EsTIMATING Finst- 
Stace Boost THRUS" AND SPECIFIC 
ImpuLsE, Robert L. Doebler (TN).. 

STAGING OF CRUISING VEHICLES, M. 

Enercy, Low Turust 
Missions, Robert H. Fox (TN)...... 

Lunar LANDING SITES SELECTION, Carl 

SEGMENTING OF RADIATORS 
METEOROID PROTECTION, Robert E. 
English and Donald Guentert (TN). . 

VacuuM-Am Muiss1LE Boost, James J. 
Murray and Sudhir Kumar (TN).... 

RADIATION SHIELDING OF SPACE VE- 
HICLES BY MEANS OF SUPERCONDUCT- 
Corrs, Richard H. Levy (TN)... 

Lunar LANDING VEHICLES PROPULSION 
REQUIREMENTS, J. Richard Wrobel and 
Robert R. Breshears (TN).......... 

DesiGN CRITERIA FOR SPACE VEHICLES 
Tro Resist Winp INnpuceD OscILLa- 
tions, A. A. Ezra and S. Birnbaum 

OPTIMIZATION OF MULTISTAGE RockETs, 
Richard J. Weber (TC)..... 


GUIDANCE AND CONTROL 


Eppy CurrENT Torque COMPENSATION 
IN A Spin STABILIZED EarTH SATEL- 
LITE, L. H. Grasshoff..... 

ALIGNMENT OF AN INERTIAL AUTONAVI- 
Gator, L. R. McMurray. . 

Error ANALYSIS CONSIDERATIONS FOR A 
SATELLITE RENDEZzvous, W. M. Duke, 
E. A. Goldberg, and I. Pfeffer....... 

OptTimuM STEERING PROGRAM FOR THE 
ENTRY OF A MULTISTAGE VEHICLE 
Into A CrrcuLtarR Onrsit, Stephen 
Jurovics 

AcCURACY OF MEASURING BALLISTIC 
MisstLe TRAJECTORIES, Frank Cooper. 


270 


28 


342 


924 


1079 


1408 


1764 
849 


518 
523 


UIDANCE OF Tiros I, G. H. Myers and 
A MerTHop For CONTROLLING THE ATTI- 
TUDE OF A SPIN-STABILIZED SATEL- 
LiTE, L. H. Grasshoff...... ae 
CAPABILITIES AND LIMITATIONS or 
ACTION SPHERES FOR ATTITUDE COoN- 
TROL, Ralph D. Ormsby and Mahlon 
MAGNETORQUER—A SATELLITE ORIENTA- 
tion Device, L. J. Kamm.......... 
Reratinc GeEopetTic LATITUDE AND 
ALTITUDE TO GEOCENTRIC LATITUDE 
AND Raprus Vector, E. W. Purcell 


and W. B. Cowan...... 


SELF-CONTAINED NAVIGATIONAL SYSTEM 
FOR DETERMINATION OF ORBITAL 


ELEMENTS OF A SATELLITE, K. N. 
Satyendra and R. E. Bradford...... 
INERTIAL SPHERE SYSTEM FOR Com- 


PLETE ATTITUDE CONTROL OF EARTH 
Karl W. Hering and 
Robert E. Hufnagel. . 
CONTROLLED RENDEZVOUS OF ORBITING 
Space Stations, Norman §&. Potter. . . 
MaGNETIC DAMPING OF THE ANGULAR 


Motions OF EARTH SATELLITES, 
INTERPLANETARY MANEUVERS USING 


Tarust, C. M. Petty........ 
GRAVITATIONAL TORQUE IMPULSE ON A 
STABILIZED SATELLITE, Paul F. Hult- 
quist 
GRAVITY GRADIENT DETERMINATION OF 
THE VERTICAL, Robert E. Roberson. . 
SATELLITE RENDEZVOUS TERMINAL 
GumanceE SystEeM, Kenneth F. Steffan 
OpTIMiIzATION OF MULTISTAGE ORBIT 
TRANSFER PROCESSES BY DYNAMIC 
PROGRAMMING, F. T. Smith... 
ALTERNATE INTERCEPT SATELLITE 
RENDEzvous SysTEM, M. Shapiro.... 
APPROXIMATE ANALYSIS OF THRUST VEC- 
ToR CONTROL BY FLUID INJECTION, 
Jain-Ming Wu, R. L. Chapkis, and A. 
Mager 
NONLINEAR DIFFERENTIAL Equations 
OF THE AUTOMATIC REGULATION Sys- 
TEM HAviING A SINGLE REGULATING 
Memser, V. A. Yakubovich (RS).... 
SraBILity REGION OF CERTAIN NON- 
LINEAR CONTROL B. N. 
Skachkov (RS)......... 
QUALITATIVE INVESTIGATION OF THE 
TRAJECTORIES OF DIFFERENCE EQua- 
Tions NEAR a Fixep Pornt, A. M. 
STABILITY OF MOTION OF A Gyroscope 
With a CARDAN SUSPENSION, L. M. 
Markhashov (RS). 
SoME PROPERTIES OF A SYSTEM OF 
NEARLY CANONICAL DIFFERENTIAL 
Egvuations, L. A. Beklemisheva (RS) 
SEQUENTIAL REGRESSION ANALYSIS AND 
Irs APPLICATION TO SOME PROBLEMS 
or Automatic Controt, I. I. Perel- 
Some GumpaANCE PROBLEMS IN_ INTER- 
PLANETARY SPACE, B. V. Raushenbach 
and E. R. Tokar (RS).. 
DIFFERENTIATING GAs JET FOR SPACE 
ATTITUDE ConTROL, Robert S. Gaylord 
(TN) 
CELESTIAL RATE Hans K. 
Karrenberg and Robert E. Roberson 
PowER AND ENERGY REQUIREMENTS FOR 
A Frxep-Axis INERTIAL WHEEL ATTI- 
TUDE ConTroL SystEM, D. T. McRuer 
and R. L. Stapleford (TN)..... 
Unique Cross-Spin ContTRoL CONCEPT 
FoR Frixep Fin SounpinG ROCKETS, 
Russel A. Nidey (TN). 
ENERGY REQUIREMENTS FOR 
STABILIZATION OF THE GRAVITA- 
TIONAL GRADIENT, Robert R. Wolfe, 
John M. Corgan, and Peter B. Teets 
(TN). 
ATTITUDE STABILIZATION UsING FocusEeD 
RapIATION PreEssurE, Robert R. Hib- 
bard (TN).... 
StcuLAR GRAVITATIONAL TORQUE ON A 


SATELLITE IN A CrrcuLaR OrsIT, 
RUDIMENTARY LAUNCH GuIDANCE 


MeETHODs FOR DEEP SPACE MISSIONS, 
Carl G. Pfeiffer 
A1TITUDE CONTROL OF ROTATING SATEL- 
LITES, Roy Dale Cole, Mary Elizabeth 
Ekstrand, and Michael R. O’Neill 
CEN)”. 


636 


646 


808 
813 


932 


949 


1677 


102 


134 


1619 


1624 


75 


440 


665 


824 


836 


844 


1032 


1155 


. 
a 
1074 
7 
1096 
1210 
174 
1506 
1509 
1516 
1553 
1733 
| 
| 
682 
958 
1015 i 
= 
146 
11 
| 


GRAVITATIONAL 
SATELLITES, 


CapTuRE PROBLEM IN 
ATTITUDE CONTROL OF 


MoMENTUM DumpinG Usinc MAGNETIC 
Tongues, J. W. Butrow (TN)....... 1776 
ALTERNATE ForRM OF A RESULT BY 
Nwey, Robert E. Roberson (TC).... 1292 
Free Fuicut oF A BALLISTIC MISSILE, 
Albert D. Wheelon (ARS Journat, 
December 1959, vol. 29, pp. 915- 


INSTRUMENTATION AND 


COMMUNICATIONS 


SATELLITE NETWORKS FOR CONTINUOUS 
ZonAL CoveraGE, R. David Liiders. . 
Low ReEsoLtuTion UNcHOPPED Rapi- 
OMETER FOR SATELLITES, Rudolf A. 
A CapaciraANCE DENSITOMETER FOR 
DETERMINATION OF THE TRANSIENT 
Densities OF CryoGEeNnic Liguips, A. 
Harry Sharbaugh and Maxwell W. 
RoTaTiInG PENDULUM ACCELEROMETER, 
Samuel Schalkowsky and Henry F. 
RECORDING OF PREssuURE STEP FuNc- 
TIONS OF Low AMPLITUDE By MEANS 
oF ComposirE DreLectric CAPACcI- 
TANCE TRANSDUCER PLACED IN 
PARALLEL-T Network, K. Posel..... 
RECENT DEVELOPMENTS IN B10o-MEDICAL 
INSTRUMENTATION, H. L. Wolbers. . . 
RELATION OF FREQUENCY OF ULTRA 
SHort Wave Fretp AMPLITUDE DE- 
cay, Drirrt SPEED OF INHOMOGENEI- 
TIES IN THE TROPOSPHERE, AND CAR- 
RIER FREQUENCY, A. A. Semenov and 
VARIATION OF THE ALBEDO OF THE 
First Artiric1aL EartH SATELLITE 
AS a RESULT OF THE INFLUENCE OF 
EXTERNAL Factors, I. M. Yatzunsky 
©. VY. CRS). . 
An ArtTiIFICIAL COMET AS A METHOD 
FoR OpTicAL OBSERVATION OF A 
Cosmic Rocket, I. S. Shklovskii (RS) 
TuHeory OF OpTIMAL SIGNAL FILTRATION 
IN THE PRESENCE OF INTERNAL NOISE 
in Systems WitrH VARIABLE PARAM- 
ETERS, Li Khen Von (RS).......... 
METHOD OF DETERMINING THE ELECTRI- 
CAL POTENTIAL OF IN PLAsMa, 
Va. Bohwarte (RS)... 
MAGNETOMETRIC EQUIPMENT OF THE 
Sovirer ArtiFiciaL EArtTH 
SATELLITE, S. Sh. Dolginov, L. N. 
Zhuzgov, and V. A. Seliutin (RS)... . 
MAGNETIC MEASUREMENTS ON THE SEC- 
onp Cosmic Rocket, S. Sh. Dolginov, 
E. G. Eroshenko, L. N. Zhuzgov, N. V 
Pashkov, and L. O. Lyurmina (RS).. 
TRANSISTOR PHASE-SENSITIVE AMPLI- 
FrER, Ch. S. Agalarov (RS)......... 
Heat TRANSFER GAGE FOR UsE IN 
Hicuiy lTonizep Gases, Richard W. 


=e 


low 


246 


294 


469 


1242 
1422 


688 


698 


1329 


1640 
1650 


CooLinc or ELectTricaL Com- 
PONENTS IN TELEMETERING PACKAGES, 
Raymond Marlow (TN)........---- 

Optica REFRACTION WitTH EMPHASIS 
on CoRRECTIONS FOR Points OUTSIDE 
THE ATMOSPHERE, Duane C. Brown 
(TN) 

CALIBRATION OF THIN F1LM GAGE Back- 
ING MaTERIALS, G. T. Skinner (TN). 

“PINHOLE CAMERA” FOR DETERMINA- 
TION OF PrasmMa ARC ROTATIONAL 
Speep, E. A. Bunt and H. L. Olson 

LIMITATIONS ON SPACE VEHICLES IM- 
POSED BY COMMUNICATIONS REQUIRE- 
MENTS, R. W. Sanders (TN).......- 

MEASUREMENT OF SMALL DISCHARGE 
RATE OF AN INTERMITTENT EXHAUST 
Jet, William J. Guman (TN)....... 

Mass SPECTROMETER FOR UPPER AIR 
MEASUREMENT, E. J. Schaefer and 

MAGNETIC COMPENSATION OF SATEL- 
ites, Roy G. Brereton (TC)....... 

PROPOSAL FOR A SIMPLE VisUAL TRACK- 
ING ARRANGEMENT FOR’ SPACE 
ProseEs, Stephen A. Kallis, Jr. (TC). . 


263 


549 


671 


826 


1450 


1583 


1773 
568 


1598 


AEROPHYSICS AND ASTROPHYSICS 


Evo.tvTion OF Upper Am METEOR- 
oLocy, H. J. aufm Kampe (SA)..... 
New THEORY OF THE AURORA POLARIS, 
S.-I. Akasofu and §. Chapman....... 
Winps AND CIRCULATIONS IN THE MEso- 
SPHERE, Thomas J. Keegan.......... 
Lunar Impact ProBE, Julian I. Palmore, 
CoRRELATION METHOD FOR ANALYSIS OF 
Larce HETEROGENEITIES OF THE 
IonosPHERE, V. D. Gusev (RS)...... 
INTERPOLATION AVERAGED VARIANTS OF 
THE CANONICAL PROBLEM OF CELES- 
Mecuanics, N. D. Moiseyev 
(RS) 
AVERAGED VARIANTS OF A _ SEMIRE- 
STRICTED PLANAR PROBLEM OF THREE 
N. D. Moiseyev (RS)....... 
CoMPLETE AVERAGING OF CANONICAL 
PROBLEM OF CELESTIAL MECHANICS 
With SEverRAL INTERMEDIATE ELE- 
MENTS, N. D. Moiseyev (RS)....... 
Cosmic Rays AND OUTER Space, S. N. 
an Astronaut Witt SEE AND 
ENCOUNTER WHEN FLYING AT A 
SPEED APPROACHING THAT OF LIGHT, 
TecunicaL ComMMENT, D. T. Swift- 
Upper ATMOSPHERE DeENsiTy DerTer- 
MINATION, BASED ON FLIGHT OBSER- 
VATIONS OF THE THIRD SOVIET a 
FicIaL EartTH SATELLITE, P. 
El iasberg and V. D. Yastrebov 
RESULTS OF INVESTIGATION OF THE 
METEORIC MATTER BY MEANS OF IN- 
STRUMENTS INSTALLED ON CosMIC 


Rockets, T. N. Nazarova (RS)...... 


387 


393 


390 
399 


678 
1350 


MEASUREMENT OF Cosmic Rays BY 


Means oF GeopuysicaL Rockets, YU. 


Shafer and A. V. Yarygin (RS) 
RADIATION MEASUREMENTS DURING THE 
FuicHt OF THE SECOND CosMICc 
Rocket, S. N. Vernov, A. E. Chuda- 
kov, P. V. Vakulov, Yu. I. Logachev, 
and A. G. Nikolaev (RS).......... 
CoNNECTION BETWEEN THE MOTION OF 
MATTER IN THE CORONA AND THE 
PrRoMINENCES, M. G. Karimov and N. 
INVESTIGATION OF METEORIC PARTICLES 
BY THE THIRD SOVIET SATELLITE, Q. 
Luminosity OF MATTER CONFINED 
Wirnrw a FiniTE VOLUME AND Hav- 
ING ARBITRARY ABSORPTION AND 
Emission Banps, A. M. Samson (RS). 
ParTICLE IMPACTION EFFICIENCIES FOR 
Bopres iN A FREE MOLECULE FLow, 
S. K. Friedlander (TN)..... 
DENSITIES OF THE UPPER ATMOSPHERE 
DerivepD From DiscoOvERER SATEL- 
LiTEs, Stanley H. Landberg (TN).. 
SPUTTERING EFFECTS ON THE Moon’s 
Surrace, B. P. Wehner (TN)....... 
MEASUREMENT OF DeENsITy aT 43 
Km sy Soprum REsONANCE CLOUD 
TECHNIQUES, J. Pressman and F. F. 
IRRADIATION OF A LUNAR SATELLITE, 
W. Leon Francis (TN) 
METEOROLOGICAL ANALYSIS OF CHURCH- 
Rocker Sounpinc Data, Sidney 
GEOMAGNETIC AND GEOELECTRIC ACTIV- 
ITy AS A FUNCTION OF MAGNETIC 
LatitupE, Robert Sanders (TN).... 
METEORIC Dust ON THE SURFACE OF 
THE Moon, Roy G. Brereton (TC)... 


HUMAN FACTORS AND 
BIOASTRONAUTICS 


PsYCHOLOGICAL AND Soci1AL PROBLEMS 
oF MAN 1N Space—a_ LITERATURE 
Survey, B. D. Goodman (SA)...... 

INTERNAL ANIMAL TELEMETRY: A 
Feasipitiry Test ProcraM, Ben L. 
Ettelson, Wilfred N. Cooper, Merle A. 
Beaupre, Toby Freedman, Laurance G. 
Throssell, and Bruce P. Pinc........ 

OptimuM CONDITIONS FOR PHOTOSYN- 
THESIS IN OpTICALLy DeENsE CuL- 
TuRES OF ALGAE, A. G. Fredrickson, 
A. H. Brown, R. L. Miller, and H. M. 
Tsuchiya 

Pitot PERFORMANCE CAPABILITIES DuR- 
ING CENTRIFUGE SIMULATIONS OF 
Boost AND Re-Entry, Randall M. 
Chambers and John G. Nelson....... 

Crew PuysicaL Support RE- 
STRAINT IN ADVANCED MANNED 
Fuicut Systems, H. A. Smedal, H. C. 
Vykukal, R. P. Gallant, and G. W. 

NucLear SAFETY ANALYsIs OF SNAP IIT 
FoR Space Missions, W. Hagis, T. 


715 


967 


970 


1341 


1632 


1438 


= 
i 
= 
= 
= 
| 
i 179 
96 
| 
155 
= 819 
835 
850 
7 
F 
= 
863 
= a 
190 
1306 
3 
1321 
429 
534 
544 
744 


Putting outer space in Pasadena 


How will sub-zero cold and intense heat and light from 
the Sun effect planet-bound spacecraft moving through 
the void of outer space? The scientists and engineers at 
Cal Tech’s Jet Propulsion Laboratory think they know. 

But they’re building this giant space simulator at 
JPL’s Pasadena facility just to make sure. 

The 80-foot high simulator will soon begin environ- 
mental tests on the Mariner—first spacecraft scheduled 
to fly-by Venus. In a 25-foot-in-diameter chamber, the 
Mariner may be exposed to a vacuum of 5x 10-6 milli- 
meters of mercury, a wali temperature of -320°F, and a 
radiant flux of sun light and heat found as near to the 


Sun as Venus and as far away as Mars. 

Next-to-the-real-thing testing is part of any R & D 
work. But in JPL’s job — exploration of our Moon and 
planets — the stakes were never higher. 

The odds for JPL’s (and the nation’s) success in 
space are only as good as our scientists and engineers are 
good. JPL is looking for good people. The best people. 
Why not write to us and find out if you can improve the 
odds. 


JET PROPULSION LABORATORY 
4806 OAK GROVE DRIVE, PASADENA, CALIFORNIA 


Operated byCalifornia Institute of Technology forthe National Aeronautics & SpaceAdministration ' 


All qualified applicants will receive consideration for employment without regard to race, creed or national origin / U.S. citizenship or current security clearance required. 
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Man's camprehension of the cosmos grows 
with his ability to assess and contro! the space 


environment. This is the task of astrionics—the 


discipline that integrates electronics, optics 


mechanics, and the. intormation sciences 


into unified: systems.” 
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